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Abstract
Impurity seeding is necessary for radiative power dissipation in fusion devices
with a full-tungsten (W) divertor, such as ASDEX Upgrade and JET. Nitrogen
(N2) has been established as an optimal choice as seeding species to control the
divertor heat load in ASDEX Upgrade. The plasma-wall interaction during N2-
seeded discharges is crucial on understanding the fuel retention in plasma-facing
components in concerns of cost and safety. However, the interaction of W surface
with mixed plasma (i.e., He product as intrinsic impurity and externally seeded
impurities, such as N2, Ne and Ar), is rather complicated. Based on a series
of dedicated laboratory experiments, the present work is devoted to unravel the
underlying physics of the interaction of W surfaces with N2-seeded plasmas with
respect to D retention in W, i.e., to answer "how should the presence of N in W
surfaces affect the hydrogen isotope retention in W after plasma loadings?".
Treated in a well-defined ECR plasma source (PlaQ) in Max-Planck-Institut
für Plasmaphysik (IPP, Garching), the experiments in this thesis were performed
under the following strategy. Namely, the interaction processes between W sur-
faces with mixed plasma was split into two major steps. Step one is the devel-
opment and characterization of an appropriate model system for N-containing W
layers and step two is the interaction of D plasmas with these model systems.
As a first step, a model system for W:N layers formed at W surfaces during
or after N2 seeding in fusion devices is established. By either N implantation into
pure W surfaces or sputter-deposition of WNx films, two different W:N layers
were produced. Different characterization techniques, such as XPS, RBS, NRA
and TPD, were employed to characterize of these two different W:N layers, i.e.,
the implantation range of N into W surfaces, the diffusion of N in W, the deter-
mination of the N amount and the decomposition temperature of W:N layers. All
the results from different techniques were cross-checked with each other, which al-
lowed a reliable N content determination and its evolution during the consecutive
D implantations. Based on these characterizations, sputter-deposited WNx films
and N-implanted W surfaces under certain production conditions were selected
for further investigation in the following D implantations.
The second and main part of the experiments covers the exposure of above-
mentioned two different N-containing W surfaces to deuterium plasma. The focus
of this part is the removal of N by D plasma and also the D retention in the W:N
after plasma exposure. For the exposures of sputter-deposited WNx layers, sample
temperature and fluence were varied. RBS, NRA and XPS were employed for the
investigations. A new D depth profiling method (i.e., the Ar sputter IBA depth
profiling) was developed to resolve the D depth distribution in sputter-deposited
WNx films with a significantly improved depth resolution compared with standard
NRA D depth profiling. It was found that the present W:N layer has a good
barrier property on D diffusion. At 300 K D was retained only within the D ion
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penetration range and did not diffuse into larger depth at 300 K. At 600 K, D
could diffuse into larger depth but still stayed within a limited depth of 110 nm
up to exposure fluence of 1.0×1024 D/m2. At 600 K the retained D amount was
half of that at 300 K. Although D starts to diffuse in WNx films at 600 K, the
diffusivity is much smaller than that in pure W at this temperature. The removal
of N from the surface was also investigated and discussed. It was also find that
N can only be removed from the topmost surface, which is attributed to the
formation of pure W layer on top. Subsequently, being combined with standard
NRA depth profiling, the newly-developed Ar sputter depth profiling method was
further extended to resolve the D-rich surface layer in pure W surfaces. Results
showed that the peak concentration within the D-rich surface layer was also up to
12±3%, which is surprisingly high compared with the reported D concentration
in W from literature but comparable to that in WNx-film surfaces under the
presently used conditions. Possible explanations for this high D concentration
were given.
N-implanted bulk W samples were exposed to D plasma for studying the in-
fluence of very 'thin' N-containing layers on the D retention after the successive D
implantation. In-situ ellipsometry was employed to monitor the surface changes
in real time during N and the following D implantation. Here the sample temper-
ature for both N implantation and D implantation was varied and a fluence de-
pendence of the D retention was investigated. It was found that the N-containing
layers formed at different temperatures played very different roles on D retention
in W. At 300 K, N reduces the D retention at low fluence and enhances the D
retention at higher fluence. The complicated plasma-surface interaction during D
loading at 300 K was explained by the mutual interaction processes between D
ions and N-containing layers. A physical model for this mutual interaction was
built to explain the experimental results. Whereas at 500 K, N pre-implantation
strongly enhances the D retention from the lowest D fluence on.
All experimental results on the interaction between pure D plasma and the
model system pointed to the fact that W:N layers will reduce D migration in
W within the presently investigated temperature range. The reduction by N-
containing layer on D migration is strongly correlated to the conditions during for-
mation of W:N surfaces (e.g., temperature, ion energy (thickness of N-containing
layer)) rather than the exposure condition during the following D implantation.
It is expected that the systematic study presented in this thesis allows valuable
insights into the complex interaction of low-energy deuterium plasma with W:N
surfaces and provides a solid basis for further experiments on the interaction of
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1.1 Nuclear Fusion and the Tokamak
Techniques on energy generation and application are always the driving force for
improving the living standards of mankind. Nowadays, over 90% of the world's
energy requirements are provided by fossil energy resources, and from an IEA
reference scenario [1] the global energy demand is set to grow by 37% by 2040.
However, due to the fact that the fossil resources will be depleted within a century,
as well as the growing global warming induced by carbon emission during energy
extraction from fossil resources, it is imminent to develop clean energy sources
with the following characteristics for the future: long-term safety, relatively high
energy density, limits imposed on greenhouse gas emissions and low risks of ac-
cidents associated with energy production. This, however, leaves not so many
choices of energy sources capable of replacing coal, oil and gas for the future.
Technologically, renewable energy sources and fusion from hydrogen-isotopes nu-
clei seem to have been suggested be potential choices on energy generation for the
future. Many renewable energy technologies, such as solar energy, wind, biomass,
hydro and so on, have been developed with significant progress since the begin-
ning of last century, however, they are still not qualified as energy sources for
mankind in the long run because of their low energy densities, inherent limita-
tion by environments and/or strong dependence on sunshine availability. Nuclear
fusion seems to be a promising alternative for energy production in the future.
Taking the fusion reaction between deuterium and tritium (D-T)that fuse most
readilyfor example, one gram of fuel would release 339 GJ of energy, corre-
sponding to 90000 kW·h of energythe combustion heat of 11 tons of coal [2].
Invented in the 1950s by Soviet physicists [2] and first tested in 1968 in Novosi-
birsk [2], the tokamak principle has been proven be able to conduct D-T ther-
monuclear fusion reaction and release fusion energy in a controlled way. In 1997,
a fusion power of 16 MW has been achieved in Joint European Torus (JET) for the
first time, which is 65% (the fusion gain Q-factor of 0.65) of the power necessary
1
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Figure 1.1: A schematic representation of the configurations of components in a
Tokamak (reproduced from Ref. [3])
for plasma heating. In general, a tokamak is a closed magnetic field configuration
system in the shape of a torus using a strong magnetic field to confine a fusion
fuel plasma, where normally helical-shaped field lines are employed to stabilize
the plasma in equilibrium at about 150 million Kelvin [2, 3, 4]. A schematic
representation of a Tokamak is shown in Figure 1.1.
In the ideal case, the extremely hot plasma could be well-confined without
leaving the reaction volume or interacting with the surrounding chamber walls.
However, not all particles and energy carried by the reaction products can be
confined. For a Tokamak utilizing the D-T fusion reaction, the main part of
the produced energy is carried by neutrons, which cannot be confined by the
magnetic field at all and has to be deposited within the blanket of the reactor.
The deposition of fast neutrons is very important in two aspects. On one hand,
the reactions of neutrons with lithium nucleus previously put in the blanket are
utilized to "breed" tritium in fusion reactors. This breeding process can overcome
the major shortcoming of D-T fusion reaction: the lack of naturally occurring
tritium fuel on earth. On the other hand, the heat from the deposition process
in the blanket can be transported to the generator and from there they can be
converted into electric power.
The energy carried by the produced α particles is mainly employed for keep-
ing the plasma heated and maintaining the fusion reaction. Some of the energy
carried by α particles is deposited within the first wall, while the rest should
be taken over by the divertor. In principle, to optimize energy confinement and
also gain higher fusion power (i.e., improve the Q-factor), a device with larger
2
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dimensions is necessary. A large-scale fusion experiment, namely, the Interna-
tional Thermonuclear Experimental Reactor (ITER), is now being constructed in
Cadarache, France. The goal for ITER is to operate with a high fusion gain of
Q-factor≈10, which indicates that α particles produced in the D-T reaction
will provide the majority of the heating power [5, 6].
1.2 Full-W Divertor in Tokamak
Figure 1.2: Divertor configuration in ASDEX-Upgrade (Poloidal cross-section).
The magnetic fields lines are plotted in red. The blue line corresponds to the
separatrix, which separates (hence the name) the whole plasma volume into two
distinct areas. The region inside the separatrix has closed flux surfaces (magnetic
field lines), whereas the region outside has open flux surfaces.
To keep fusion plasma running in fusion reactors, the impurity level
must be kept sufficiently low in the core plasma. The divertor is designed
mainly to keep the core plasma clean. Through the open magnetic field
lines residing on the outside of the plasma volume (see Figure 1.2), the
divertor can exhaust energetic particles and other impurities coming out
from the core plasma. Simultaneously, the impurities in the edge plasma
coming from plasma-wall interaction will be directed and deposited onto
specially designed target plates such that they can be shielded from the
central plasma volume. As component with the most intense contact to
3
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the plasma in a tokamak device, the divertor must sustain extremely high
particle fluxes and heat loads. Materials for use in the divertor region should
be able to survive in such a harsh environment as long as possible.
In the earlier days, when the magnetic confinement was not sufficient
to keep the impurity level low enough in the core plasma, low-Z material
such as carbon has been used as plasma-facing material (PFM) for fusion
experiments, since high-Z impurities will induce strong line radiation and
thus cool down the core plasma in a fusion reactor. Nowadays, magnetic
confinement in fusion devices, especially with the divertor configuration, has
been significantly improved, so the impurities level can be controlled at a
considerably low level. Therefore, the concept of using high-Z materials as
PFM for fusion devices comes back to the community. Simultaneously, since
carbon as wall material will be strongly eroded by hydrogen isotopes and
has a high tritium retention, carbon-related materials are not considered for
use as PFM in a fusion reactor [2, 3, 7, 8, 9].
Figure 1.3: Photo of the interior of ASDEX Upgrade before closing for the 2012
campaign[12]. W films with thickness of 10-15 µm were coated to graphite tiles
in the outer divertor. The target plates has been changed to bulk W for the
following compaign.
Due to its favorable physical properties [10], such as high melting point,
high sputtering threshold and low sputtering yield, tungsten (W) has been
selected as the plasma-facing material for the divertor region of ITER. Full-
W divertors have been tested and applied successfully in both ASDEX Up-
grade (AUG) [11, 12, 13, 14] and JET [15, 16]. In AUG, not only the




Although W features the aforesaid merits, the power load onto the W
targets in the divertor region has to be kept below 5-10 MW/m2 [24]. Simul-
taneously, the maximum W concentration tolerable in the core of a fusion
reactor is about 10−5 due to its strong line radiation. Both considerations
constrain the tolerable sputtering yields and thereby the plasma tempera-
ture in the divertor region. It is necessary to exhaust the power load to
protect the W targets and keep the W concentration in the core plasma
as low as possible. One possible way is to actively puff gas such as nitro-
gen into the divertor region to radiatively cool the plasma before it reaches
the target surfaces. With a similar radiation cooling factor in the diver-
tor plasma temperature range as carbon [17, 19], nitrogen has now been
established in AUG as optimal choice to control the radiated power in the
divertor region [18, 19, 20] and it has also been used in JET [15, 21, 22].
Recent experiments in both AUG and JET showed that nitrogen seeding
[19, 20] can additionally improve the plasma performance.
1.3 Plasma-Surface Interaction in
Tungsten Divertors
Plasma-surface interaction (PSI) is an important topic in fusion research
[23, 24]. Impurities, which will affect the plasma performance, are predom-
inantly coming from PFM through PSI processes such as sputtering and
erosion. Furthermore, material properties due to exposure to plasma will
also be modified severely due to ion irradiation. For the divertor region,
understanding of PSI processes is even more critical, since the particle flux
and heat load there are extremely high and all the above-mentioned PSI
processes are relatively strong in this region.
1.3.1 Fuel Retention in Tungsten
Hydrogen isotope retention in W resulting from the exposure to fusion plas-
mas is of great importance as presents cost and safety concerns for the
next-step fusion reactors such as DEMO [7, 8, 23, 25], where a D-T mixture
will be used as fuel. In laboratory, the retention of tritium is accessed by
exposing W samples to D plasma and characterizing the D retention. In
principle, as a bcc transition metal, a perfect single crystal of W can hold
hydrogen atoms only in tetrahedral interstitial sites [26, 27]. With one of
the most endothermic enthalpies of solution for hydrogen in W compared
with all other transition metals [28, 30], the solubility of hydrogen in a
tungsten single crystal is expected to be extremely low. But the diffusiv-
ity of hydrogen in single crystal W is relatively high, especially at elevated
5
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temperatures [25, 48, 49]. In reality, W samples always contain many kinds
of natural defects and also defects created by ions and neutrons, such as
vacancy or interstitials as point defects, dislocations as linear defects, grain
boundaries as planar defects and also volume defects of impurity precipi-
tates. All these defects will interact with the solute hydrogen and act as
trap sites for hydrogen [32, 33, 35, 36, 37]. For H in W, defects with even
a very low concentration will easily change the diffusion behavior and also
the hydrogen inventory in W [27, 30, 38, 39].
The interaction of diffusing D with traps is generally very complicated
[32, 33, 35, 36, 37]. On one hand, the characterization of the defects in a W
sample is difficult. Neither the different types of trap sites nor their con-
centrations can be easily determined. Sometimes, the trap concentration
even varies during the implantation. For example, as a typical morpholog-
ical modification, blistering of W due to D implantation can increase the
trap concentration and in turn enhance the D retention [29, 30, 31]. Dif-
ferent types of defects play very different roles during the interaction with
hydrogen. On the other hand, the interaction processes between solute
hydrogen and defects are still poorly understood. A lot of different mech-
anisms have been proposed on the interaction processes based on different
types of defects [27, 40, 41, 42, 43, 44]. Although complicated in detail, the
hydrogen-defect interaction is commonly recognized in both experimental
study and simulation works to reduce the effective hydrogen diffusion in
metals [35, 36, 37].
From an experimental point of view, since in-situ measurements of the
solute dynamics is almost impossible, the characterization of hydrogen re-
tention in the sample after plasma loading is usually employed for under-
standing the PSI processes during the loading. A huge amount of experi-
mental works regarding this issue has been performed in the past decades
by changing experimental conditions (sample microstrucure, particle flux,
fluence and sample temperature, etc.) and examining the corresponding hy-
drogen retention. Among all these studies, an outstanding work by Armin
Manhard [30] during his PhD study is worth mentioning. In this work,
a large set of polycrystalline W specimens after different heat treatments
were exposed to low-flux laboratory D plasma under a broad range of load-
ing conditions (temperature, ion energy, fluence, etc). By examining the
surface morphologies and also the corresponding D retention in the sam-
ples with different microstructures (i.e. different defect density from the
heating treatments), a correlation between the dislocation density and the
deuterium retention has been experimentally demonstrated. The higher the
dislocation density in the sample, the more D is retained in it under identical
D implantation conditions. A lot of experimental works from other groups
can also be found. For example, Alimov et al. [45, 46, 47, 48, 49] has
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contributed significantly on understanding the D retention in W exposed
to plasma with different conditions, including both low and high particle
fluxes. 't Hoen [50, 51] and Zayachuk [52, 53] have also performed many
experiments for D retention in W samples under very high flux exposure.
Generally speaking, retention of hydrogen in W is relatively low but can
easily be enhanced by dynamic processes occurring during the implanta-
tion. Also, impurities contained in the material probably also change the
retention.
Figure 1.4: Picture of H diffusion/trapping in metals (adopted from Ref. [25])
The modeling of this issue is typically described in one-dimensional rate
equation models, i.e., the so-called diffusion-trapping models [54, 55, 56, 57]
at intermediate temperatures (i.e, between room temperature and up to
roughly 1200 K). Reproduced from Ref. [25], Figure 1.4 illustrates the dif-
fusion/trapping picture of hydrogen in metals. In such models, hydrogen in
W is usually divided into two types: 'solute' and 'trapped' ones. Namely,
hydrogen is either dissolved in normal interstitial lattice sites as 'solute hy-
drogen' or resides in one or several types of saturable traps with specified
binding energies as 'trapped hydrogen'. After making some assumptions
on hydrogen transport and trap properties [25, 56], a partial differential
equation of the solute hydrogen according to Fick's second law can be ob-
tained in the diffusion-trapping model. Solving the equation can basically
provide the distribution of hydrogen taking the interaction with trap sites
into account. Besides of these rate equation models, there are also several
contributions based on DFT calculations or MD simulations [27, 40, 41, 44].
These works are mainly focusing on the interaction of hydrogen with vacan-
cies or its clusters. All in all, in spite of the huge amount of experimental
and modelling work, a comprehensive understanding of fuel retention and
its physical mechanism are still lacking.
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1.3.2 Nitrogen in Tungsten
Normally, N presents in W material as nitrides. As one of the transition
metal nitrides, WNx was also substantially studied due to its potential as
possible replacements for Pt-group metal catalysts [58]. Furthermore, quite
some work has also been performed on the fabrication and characterization
of relatively thick WNx layer for their wide use as a diffusion barrier mate-
rial in engineering and microelectronics [59, 60]. In general, WNx materials
have many different phases and in turn exhibit diverse physical and chem-
ical properties. Wriedt et al. [61] have excellently reviewed the different
phases of the W:N system. In this review, one can also find information
on the fabrication methods for producing different phases. W-nitrides have
basically three stable phases  the fcc nitride β, the hexagonal nitride δ
and δVR phase, which were later theoretically studied by Suetin et al. [62].
Essentially, each phase has a different micro-structure and also a different N
concentration. In this regard, a quantitative characterization of N amount
in W-nitrides is of great importance for investigating their properties.
Although WNx forms easily in W surfaces exposed to plasma containing
atomic and ionized species of N due to their active chemical properties, this
does neither exclude its solution and diffusion nor its permeation through
W, especially at high temperatures. The permeation of N through W has
actually been measured by Fraunfelder [63] for the temperature range of
1100-2500 K and later by Fromm et al. [64] for even higher temperature
(2700-3400 K) in the 1970s. The diffusion of N in W at lower temperature
(900-1100 K) was studied by Keinonen et al. in 1984 using ion irradiation
method [65]. According to Refs. [61, 65], at temperatures below 600 K
the diffusivity of N in W is negligible. This has the consequence that N-
containing layers formed by ion irradiation at sample temperatures lower
than 600 K are very thin. Recently, W:N surfaces have attracted consider-
able attention [66, 67, 68] for their appearances in nuclear fusion experiments
after seeding N2 into the plasma [72]. After seeding N2 into the divertor re-
gion, W:N surfaces will form either due to implantation of N into W target
surfaces or redeposition of sputtered W together with active N species. How
such W:N surface will affect the fuel retention in W targets is still unknown.
Furthermore, a basic understanding of the migration of impurities in fusion
devices also requires the characterization of W:N surfaces of PFMs.
1.4 Focus of This Thesis
As mentioned above, N2 has been established in AUG as optimal choice to
control the radiated power in the divertor plasma. However, N is chemically
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active and activated species appearing in a plasma, in particular ions and
atoms. It can react with both of the hydrogen isotopes and the W surfaces.
Formation of ammonia in AUG [70, 71] and also W nitrides in TEXTOR
[72] after seeding N2 have already been observed. N implantation into a
W surface will form a thin W:N layer with a thickness determined by the
ion penetration depth (i.e., ion energy); On the other hand, redeposition of
sputtered W materials together with N may lead to the build-up of thicker
W:N or W:N:H layers. A good characterization of such formed W-nitride
layers and understanding of the interaction between fusion plasma and such
W-nitride surfaces is important in order to evaluate tritium retention and
lifetime of plasma-facing components (PFCs). This thesis investigates sys-
tematically in laboratory experiments the interaction of D plasma with such
W-nitride surfaces.
To simulate the PSI process in the divertor region of N2-seeded fusion
plasmas in laboratory experiment, it would of course be best to expose W
surfaces to similar N/D mixed plasmas. However, the present thesis follows
another strategy in separating the complicated PSI processes of W surfaces
with mixed plasma into two steps. Namely, pure W surfaces are first nitrided
and then exposed to pure D plasma for the D retention study. The influence
of the presence of N in W surfaces on D retention due to D implantation
will be presented. This route is aiming at the understanding of the underly-
ing physics of the interaction of W surfaces with N2-seeded mixed plasmas.
Two different nitriding processes are employed in the present work. Pure
W specimens are exposed to N2 plasma to mimic the thin W:N surfaces
formed by N implantation into W PFMs in fusion devices; Additionally
for the 'thicker' redeposited WNx layers during fusion experiments sputter-
deposited W nitride films are employed as a model system. Before exposure
to D plasmas, both W:N surfaces are characterized in detail applying sev-
eral different techniques in the next step, including X-ray Photoelectron
Spectroscopy, Rutherford Backscattering Spectroscopy, Nuclear Reaction
Analysis, Thermal Programmed Desorption. The pre-characterized W:N
surfaces are then exposed to D plasmas. The evolution of the N amount as
a function of D exposure fluence is investigated. The D retention and the
surface morphology are then compared between samples with or without
N treatment after identical D implantations, which provides information of
the influence of N-containing layers on D retention in W. In some cases,
SDTrimSP simulations are also presented to interpret the experimental re-
sults.
Following this introduction, Chapter 2 describes the experimental set-
ups and methods used for the present work. The characterization of N in
W:N surfaces by different techniques is detailed in Chapter 3. The following
questions will be answered:
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• How can the W-nitrides formed by N implantation or magnetron sput-
tering be characterized?
 How can the N concentration be measured reliably?
 Do the results from different analysis techniques compare to each
other?
• Which experimental parameters will affect the N concentration in the
formed N-containing layers?
Subsequently, the interaction of D plasmas with sputter-deposited WNx
films and N-implanted W surfaces is studied in Chapters 4 and 5, respec-
tively, where the answers to the following questions will be given:
• What is the influence of a N-containing layer on the D retention as
well as on the evolving surface morphologies in W?
• How does the role of N-containing layers on D retention depend on the
experimental parameters during their production processes?
• How does the N-containing layer evolve during the interaction with D
plasma?
Finally, in Chapter 6, the answers to all of these questions are revisited.





This chapter describes the experimental techniques used in the present work.
At the outset an introduction to the basic aspects of the preparation pro-
cedures for the specimens as well as the relevant devices is provided. After
that, the main analysis techniques for D retention and N inventory used
in this thesis are described, including X-ray photoelectrons spectroscopy
(XPS), ion beam analysis (IBA) and temperature-programmed desorption
(TPD). In what follows, a short overview over the characterization tools
of the surface morphologies, namely the differential interference contrast
(DIC) method for optical microscopes, is presented.
2.1 Sample Preparation
W samples used in the present work include bulk W samples and sputter-
deposited W/WNx films. The preparation for further use of the samples
in the following experiments, including the polishing process and the heat
treatments for bulk W specimens, as well as the deposition details of the
film samples, will be described in this section.
2.1.1 Bulk Tungsten Sample
To ensure a thorough comparison of the deuterium retention and morpho-
logical modifications under different plasma loading conditions and/or with
varied pre-exposure treatments, a well-defined base material should be pro-
vided. For this intention, all bulk W specimens discussed in this work were
manufactured from one single manufacturing batch by Plansee SE, Austria.
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After being hot-rolled into a sheet with thickness of 0.8 mm, the tung-
sten was ground to a coarse, plane parallel finish and subsequently cut into
pieces with the dimensions 12 × 15 × 0.8 mm3 by the manufacturer. The
samples have a purity of 99.97 wt.%. Because the surfaces of the as-received
tungsten samples with the technical finish are still too rough to ensure a
well-defined surface condition before plasma loading, all the W samples are
polished to a mirror-like finish. The samples were ground with increasingly
more fine-grained silicon carbide grinding paper (P400-P4000) and subse-
quently polished with aluminum oxide suspension and diamond suspension.
A more detailed description of the polishing processes can be found in in
Ref. [73].
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Figure 2.1: Diffraction pattern from the two sides of a bulk tungsten sample
measured by XRD,. The A-side is (200)-dominated and shown by solid line while
the B-side is (110)-dominated and shown by dashed line.
Before being polished, all the samples were measured by X-ray Diffrac-
tion (XRD). In general when an x-ray beam is scattered (reflected) off of
a material, information can be obtained about the material such as resid-
ual stress, crystal orientation and material structure. For the presently-
employed bulk W samples, it turned out that the 2 surfaces of the hot-rolled
tungsten sample had different texture. One surface is dominated by (200)
orientation (A-side) while the other by (110) (B-side), as shown by the di-
agram in Figure 2.1. The (110)-dominated surface has a strong diffraction
peak at the angle of 40◦ and the (200) orientation peak locates at 58◦. This
may be due to slightly different conditions of the two surface during the
hot-rolling processes. In this work, all the employed bulk W samples were
polished and plasma-loaded in the (200)-dominated surface (i.e., A-side).
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Figure 2.2: Surface morphology of polycrystalline bulk tungsten sample (A-side)
after being polished: a) confocal laser scanning microscope (CLSM) picture with
low magnification; b) scanning electron microscopy (SEM) picture with higher
magnification.
The typical surface morphology of 'A-side' of a bulk W sample after
polishing is shown in Figure 2.2. One can still see some hill-like structures
in the confocal laser scanning microscope (CLSM) picture (Figure 2.2a)
and W grains in the SEM image (Figure 2.2b). The hill-like structure is
attributed to the different response of grains with different orientations to
the grinding process. From the SEM picture, it is known that the typical
grain size of the present W material is between 1-5 µm. And already from
here one can see these grains exhibit different reflection which may probably
be due to different grain orientations.
To be able to examine the identical location in the sample surface before
and after a certain treatment, four T-shaped markers close to the center
of the sample were cut into the surface using the focused ion beam (FIB)
available in the present SEM facility, as shown in Figure 2.3. Note that, the
black areas near the T-shaped markers are due to deposition of C during the
etching process. It is not yet known if this will influence the experimental
results. To be on the safe side, all areas for detailed investigations were
chosen relatively far from the marker. More details about the FIB-combined
SEM can be found in Ref.[31, 30, 74].
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Figure 2.3: A polycrystalline bulk tungsten sample with several ceteral-located
markers produced by focus ion beam before annealing and plasma exposure. The
black areas near the T-shaped markers are due to deposition of C during the
etching process.
After polishing and cutting of the 'T'-shape markers in the center, the
specimens were ultrasonically cleaned with propanol and acetone and then
annealed at 1200 K in order to relieve the internal stress from the manu-
facturing and preparation processes. The stress relief at 1200 K was per-
formed in a high-vacuum oven where the hot zone, heated by radiation, is
constructed entirely from molybdenum. A drawing of the oven is shown in
Figure 2.4. After pumping for four hours, the base pressure before heat-
ing was typically lower than 5 × 10−5 Pa. At the annealing temperature
the vacuum was still better than 10−3 Pa. The specimens were held at
1200 K for 120 min. After the holding time, the specimens were cooled to
room temperature as quickly as possible. Apart from reliving the internal
stress, this annealing treatment was also applied for the purpose of decom-
posing and evaporating any oxide layers on the specimens, and to remove
the intrinsic hydrogen introduced during manufacturing. It was previously
shown in Refs. [29, 30] that extended annealing at 1200 K did not cause a
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Figure 2.4: A drawing of the heating device used for annealing of the bulk tungsten
samples.
change of the samples microstructure. Grain growth and recrystallization
occur only at higher temperatures [30]. Furthermore, 1200 K is also very
close to the maximum temperature (1273 K) that is reached during analysis
by temperature programmed desorption (TPD) after D implantation, so it
can also be expected that the specimen micro-structure does not change
significantly during TPD measurements.
2.1.2 Film Deposition
W:N surfaces in the present work include both N-implanted pure W sur-
faces and also sputter-deposited WNx films. Magnetron-sputtered WNx
films were deposited for use as a model system for redeposited layers during
N2-seeded discharges in fusion devices. In general, single crystalline (100)
silicon wafers (10×10 mm2) were used as substrates. In some cases polished
bulk W samples were used as substrates to simulate the redeposited layers
formed on W target surfaces. Hence, 2 µm-thick pure W films were first
deposited as interlayer for WNx films with Si substrates. Also, due to the
fact that the deposited WNx films shall later be exposed to D plasma at
elevated temperature, a W film as interlayer will avoid the possible interac-
tion of N and Si during heat treatment. Last but not least, Si shows similar
to N also a nuclear reaction with 4He and the proton spectra from N and Si
overlap with each other (see in Chapter 3 Figure 3.9). With a W interlayer,
the proton signal generated by the Si substrate can be suppressed for the
measurement of the amount of N.
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Figure 2.5: A picture of Denton device during depositions
All depositions were performed using a commercial sputter deposition
device (Discovery R©18, Denton) comprising three individually controllable
magnetrons (see in Figure 2.5). The system was pumped down to a base
vacuum pressure of less than 5×10−5 Pa and a liquid N2 cold trap was
attached to the deposition chamber to reduce the water partial pressure.
Prior to deposition the substrates were etched with argon for 2 min (Ar
0.5 Pa, 100 W RF biasing power resulting in 580 V etching bias) to clean
the surface. All the W films used in this work were deposited with the
same condition to ensure comparable microstructure in the following exper-
iments. After substrate cleaning, a 300 W DC power was applied to the
W cathode with Ar as sputtering gas. At a pressure of 0.7 Pa, the corre-
sponding cathode bias is 380 V. For each deposition batch, one Si sample
was partially covered by adhesive Kapton tape. Removal of the tape after
deposition produced a step, which allowed measuring the thickness of the
whole layer by profilometry. The deposition rate was obtained by dividing
this film thickness by the deposition time. Measurements from different
batches show that the deposition rate at the present chosen conditions is
about 17 nm/min, which gives rise to an about 2-µm-thick W film after a
2-hour deposition. It should be noted that W films deposited onto different
substrates show different microstructures and densities [76]. However, W
films are mostly used as interlayer and will not be exposed to D plasma in
this work. For a comprehensive understanding on D retention in sputtered
W films, the reader is referred to Refs. [76, 75] and [77]. W films in the
present work were exposed to N2 plasma for comparison with bulk W on
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the N amount in different W surfaces after N implantation in Chapter 3.
WNx films were deposited on the W-coated Si or bulk W substrates in a
mixture of argon and nitrogen. For all the depositions, the used RF power
on the W target was always set to 300 W and the pressure was 0.6 Pa.
Different N2 partial pressures during the deposition were applied to study
its influence on the film stoichiometry, i.e., the N concentration in the layer.
The total gas flow rate for both gases was kept the same as for pure W
films deposition (30 sccm), so the pressure during the WNx deposition is
also roughly the same (0.6 Pa). Four different N2 flow rates in the present
work were investigated: 20%, 50%, 80% and 100%. For these depositions,
the substrates were not biased. The influence of substrate biasing was also
investigated by applying different RF powers (50, 100, 200 and 400 W) to
the substrate holder with the same N2 flow ratio of 100%. The influence
of the process parameters on the final film composition will be discussed
in Chapter 3. For each different sputtering condition, the deposition rate
is the first parameter that needs to be confirmed. With the determined
deposition rate, the film thickness can be easily controlled by changing the
deposition time. After deposition, the N concentration in the WNx films
from each condition will be characterized. Based on these characterizations,
only the WNx films deposited from a certain deposition condition will be
used for further D implantation, as will be explained in Chapter 3.
2.2 Plasma Exposure
In the present thesis, most of the plasma exposures, including D/N implan-
tation and post-D low-energy argon sputtering (see in Chapter 4), were per-
formed in the low-pressure steady-state electron-cyclotron-resonance (ECR)
plasma chamber 'PlaQ'. Details of PlaQ can be found in [78], but the key
features will be mentioned briefly. As sketched in Figure 2.6, PlaQ con-
sists of a stainless steel chamber and is equipped with a remote electron
cyclotron resonance (ECR) plasma source. Microwaves (2.45 GHz) are cou-
pled into the vacuum vessel through a waveguide terminated by a quartz
window located at the high B-field side. The magnetic field is created by a
single magnetic coil. To decouple the plasma from the substrate, a metallic
cage of 150 mm in height and 140 mm in diameter is used to confine the
plasma. Particles can leave the cage in axial direction through a hole in the
bottom plate with a diameter of 55 mm. A diverging plasma beam impinges
perpendicularly onto the substrates which are located 100 mm below the
cage exit.
The energy of the ions impinging on the substrates can be varied by ap-
plying a DC bias to the substrate electrode. Due to the possible occurrence
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Figure 2.6: Sketch of ECR-plasma exposure device PlaQ.
of arcing during the exposure with high biasing voltage, in PlaQ, the high-
est biasing voltage that can be applied is 600 V. Between the aperture and
the sample, there is a shutter which allows a burn-in time of the plasma
without the sample being exposed to the beam. The sample holder and
its support structure are made of copper (steel for elevated temperatures
above 450 K) and a boron nitride insulator is used in order to maximize
the heat conductivity between the electrically isolated sample holder and
the heat sink. To minimize sputtering by the plasma during exposure, both
the steel and the copper holder are coated with 3 µm of sputter-deposited
tungsten films. The W coating at the sample holders were also deposited
in the Denton sputter device (see Figure 2.5) applying the same deposition
conditions mentioned in Section 2.1.2. Samples are tightly clamped to the
holder by four molybdenum screws to optimize thermal contact.
In the present thesis, sample temperature ranges from 230 K to 600 K.
For temperature above 450 K, the specimen temperature during loading
was adjusted by radiative heating of a stainless steel holder from the rear
side with a BORALECTRIC R© heater. While for temperatures of 450 K
or below, the sample temperature was controlled by using a copper holder
that is either heated or cooled by a fluid thermostat (silicon oil as heat
transfer medium for heating and ethanol for cooling). Temperatures are
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measured by a thermocouple attached to the sample holder from the back
side. An infrared camera with a measuring range of 270-800 K is used to
observe the sample surface. The temperature measured by the IR camera
is calibrated against the thermocouple temperature in steady state without
plasma operation. During plasma exposure, the sample surface is heated by
5-20 K depending on the applied bias voltage.
All the D plasma exposures were performed under a fixed pressure of
1.0 Pa by reducing the pumping efficiency of the turbo pump at a constant
gas flow (50 sccm). At this condition, the D plasma delivers predominantly
D+3 ions (97 % of the deuterons) with minor contributions of D
+
2 (2 %) and
D+ (1 %) [78]. The ion energy of the particles is provided by the applied
bias voltage together with the D plasma potential of about -15 eV [78].
For example, a -200 V DC bias voltage will result in the ion energy of
215 eV. This corresponds to an energy of 72 eV per deuteron for D+3 ion
as the dominant ion species. But the ion with the highest energy in the
deuterium plasma is the small fraction of atomic ions (D+) which impinge
with the energy of 215 eV. The ion flux at -200 V DC biasing condition is
9.93×1019 D/m2s [78]. The used D fluence in the present thesis amounts
from 6.0×1022 to 6.0×1024 D/m2s.
Nitrogen plasma exposures were also performed under a working pressure
of 0.25 Pa with a gas flow of 43 sccm and without any pumping efficiency
reduced. It was shown that N+2 is the dominant ion species under conditions
comparable to the present condition [79]. It contributes about 85% to the
total ion flux with minor contributions from N+3 and N
+ ions (≈ 5-10 % each)
[80]. The ion flux of the main species is about 4×1018 N+2 /m2s [80], which
results in a total N fluence of about 1.5×1022 N/m2 in a 30 min plasma
exposure. As mentioned above, 600 V is the upper limit of the biasing
voltage for the samples exposed in PlaQ to avoid possible arcing. For cases
requiring higher ion energy, for example, to investigate the N content in W
surface after implantation with 1 keV ion energy, the Denton device is used
instead of PlaQ. Here, the substrate holder can be biased up to 1200 V
by applying a 400 W RF power. Normally, RF power instead of DC bias
is applied for the sample holder in Denton. Unfortunately, neither the ion
species nor the corresponding flux in Denton device can be determined in
the present work. This means the incident N fluence is unknown for samples
exposed in Denton device. Only the N amount in the sample as function
of the applied RF power can be determined. Details of the N amount




Techniques for characterization of the samples after a series of treatments
will be introduced in this section. Specifically, ion beam analysis and tem-
perature programmed desorption were used for determination of the N&D
inventory after implantation and also the erosion amount due to the ex-
posure; X-ray photoelectron spectroscopy was applied for investigation of
the surface composition and microscopy for the surface morphologies. Note
that, only the general principles of each technique will be introduced in this
section. Specific strategies employed for some parameter studies will be
presented in the relevant sections rather than here.
2.3.1 In-situ Ellipsometry Monitoring during Plasma Exposure
Figure 2.7: Schematic setup of an ellipsometry experiment
From literature [66, 68], it is known that by N implantation into pure
W surface with sample temperatures 6 600 K, a N-containing layer of the
order of a few nm will form due to the negligible diffusion of N in W. The
implantation range of N in W is comparable to the information depth of
ellipsometry with an incident laser beam of visible light on pure W sur-
face [84]. Hence, ellipsometry was employed to in-situ monitor the surface
change of bulk W sample exposed to N or D plasma in 'PlaQ' (see Fig. 2.6).
The schematic setup of ellipsometry used in the present work is shown in
Figure 2.7. The used incident light is generated from a He-Ne laser with
wavelength λ = 632.8 nm. A more detailed description of the present ellip-
sometry setups is given in Ref. [81, 82, 83]. In short, ellipsometry provides
real-time optical response by detecting the change of polarization of linearly
polarized light due to the reflection at the sample surface according to the
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following equation:
rp/rs = tan Ψ · ei∆ (2.1)
where Ψ and ∆ describe amplitude and phase, rp is the reflection in p surface
and rs in s surface.
The measured optical response depends on the surface properties as well
as the thickness of individual layers. If the optical constants are known for
the investigated surface, the measured Ψ-∆ diagram can be compared to a
model to determine the film thickness. Ellipsometry is normally very sensi-
tive to the phase change (polarization state) and can achieve sub-nanometer
resolution. For pure W surface, taking the reported optical parameters of
W (n=3.6, k=2.9) [84], the information depth under present conditions is
calculated as about 2.5 nm, which is expected to be large enough to cover
the whole N implantation depth in W. As one may expect, W surfaces after
N implantation will change in their optical parameters. Unfortunately, the
optical parameters of the N-containing layers generated by N implantation
into W surface are unknown. Therefore, quantitative determination of the
thickness of the present N-containing layer is not feasible. But nevertheless,
the time scales of the surface change to arrive at a steady state of the ac-
quired Ψ−∆ value during N and/or D plasma exposure can be determined.
The D exposure durations after N implantation were then selected based on
these experimentally determined time scales. One point worth mentioning
is that, for D implantation into clean W surface (the surface oxidized layer
is removed by Ar sputtering prior to D loading), no detectable change in
the sample surface can be found by the present ellipsometry.
2.3.2 X-ray Photoelectron Spectroscopy for Surface Characteri-
zation
For some samples before or after plasma exposure, the surface compositions
were measured by X-ray photoelectron spectroscopy (XPS). All the XPS
measurements were performed using a Perkin Elmer PHI 5600 ESCA sys-
tem with a hemispherical analyzer. The standard X-ray source was used
to record spectra with Mg-Kα radiation (1253.6 eV). The Omnifocus lens
restricted the analyzed area to a spot with a diameter of 150 µm. The
analyzer was operated at constant pass energy of 58.7 eV. For depth pro-
filing an Atomika WF 421 Micro-focus Ion Gun was used to scan a sample
area of 1200×1500 µm2 with a focused 10 kV Ar+ ion beam (with an ion
current of 188 nA) under an angle of incidence of 20◦ to the surface normal.
Energy calibrations for all the measurements were performed using pure
Au, Ag and Cu samples and a precision of 0.1 eV was confirmed. For data
evaluation a Shirley background function [66] was applied for background
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subtraction. Standard relative sensitivity factors supplied by the manufac-
turer were used to estimate atomic concentrations. More details can be
found in Ref. [66, 68, 69].
The analysis in the present work focuses on the N 1s peak at ∼397 eV
and the most intense peak for metallic tungsten, W 4f7/2 at ∼31 eV. Un-
fortunately, only few data can be found in the literature on XPS peak shifts
for W due to W-nitride formation. The N 1s peak for tungsten nitrides is
shifted to lower binding energies compared with that of the absorbed nitro-
gen in the W surface, which has a binding energy of about 400.0 eV [85, 86].
The values for N bonded to W reported in the literature vary from 397.0
to 397.7 eV [66, 87, 88, 89, 90, 91, 92]. More literature data is available
for the W 4f peak. The metallic W 4f7/2 peak exhibits a binding energy
of 31.4 eV and the nitrides generally show slightly higher values. Also in
this case some scatter in the published data is noticed. Different values for
the binding energy of the W 4f7/2 peak in W nitrides ranging from 31.4 to
33.2 eV were reported in different publications and attributed to different
nitride stoichiometries [66, 68, 87, 88, 89, 90, 91, 92].
2.3.3 Ion Beam Analysis for N&D retention
Ion beam analysis (IBA), specifically, nuclear reaction analysis (NRA) and
Rutherford backscattering spectroscopy (RBS) are employed for character-
ization of N&D content in W/WNx specimens before and after plasma ex-
posure, which will be detailed in the present subsection.
2.3.3.1 Nuclear Reaction Analysis
NRA was employed in this work for measuring the D depth distribution
after plasma exposure and also the N amount contained in the sample. In
the present section, only the determination of D retention by NRA is pre-
sented. For characterization of the N amount by NRA, the reader if referred
to Chapter 3. The nuclear reaction D(3He, p0)
4He is used to probe the in-
ventory and the depth profile of the retained D in the near-surface region.
This reaction has a Q-value of 18352 keV that is distributed to the proton
and the α particles [93]. For a 0.5-MeV 3He+ ion beam the generated pro-
tons have very high energy of about 13.5 MeV. The resonant cross-section
for this reaction is located at an projectile energy of about 0.62 MeV. The
experimentally measured cross-section data at other projectile energies as
published by Alimov et al. [93] is reproduced here in Figure 2.8. This res-
onance structure of the cross-section can be utilized to measure deuterium
depth profiles to larger depths by increasing the incident energy of the pro-
jectiles.
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Figure 2.8: Experimentally measured cross-section data for D(3He, p0)
4He as
adopted from Ref. [93]. The solid line represents the fit included in the current
versions of the SIMNRA program package.
The produced high energy protons from the D(3He, p0)
4He nuclear re-
action were counted using a thick, large-angle solid state detector at a scat-
tering angle of 135◦ equipped with a curved slit reducing the solid angle
to 29.9 msr. Based on this, the information depth for high energy pro-
tons, i.e., the maximum depth from which a generated proton still can leave
the sample and reach the detector, can be calculated applying SIMNRA
[94] using Ziegler/Biersack stopping power data. It turns out that the in-
formation depth for protons from a 0.5-MeV 3He+ ion beam injected into
a D-containing W sample is roughly 680 nm, with a depth resolution of
about 110 nm at the surface (RESOLNRA [94]). In the present work, the
D concentration within the top-most surface layer (at depth up to about
0.3 µm) was determined at a 3He+ energy of 0.69 MeV by analyzing the
emitted α particles with a surface barrier detector at the laboratory scatter-
ing angle of 102◦ equipped with a rectangular slit reducing the solid angle
to 9.16 msr. The α particle spectra at low incident beam energies can yield
a better depth resolution within a very limited depth due to the strong
stopping of α particles by W atoms. For determination of D concentration
depth profiles in larger depth of the bulk W samples the energy of the im-
pinging 3He+ ions was varied as the following: 0.5, 0.69, 1.2, 1.8, 2.4, 3.2
and 4.5 MeV. A charge of 10 µC was usually accumulated for each NRA
spectrum. The largest analysis depth corresponding to the highest 3He+
ion energy is 7.9 µm. Figure 2.9 represents the simulated effective cross-
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Figure 2.9: Effective differential cross-sections σNRA×ηbeam of the D(3He, p0)4He
nuclear reaction versus beam penetration depth in a tungsten specimen. The
cross-section data by Alimov et al. [93] were convolved with stopping simulations
for various incident 3He energies and include range straggling. This figure is
adopted from Ref. [30]
sections of the D(3He, p0)
4He nuclear reaction with the above-mentioned 7
projectile energies for a W specimen, which was calculated by A. Manhard
in his PhD thesis [30].
In order to determine the D concentration profiles, SIMNRA [94] and
NRADC [95] were used for the simulation and the deconvolution of the
NRA spectra. Details about the data evaluation using NRADC can be
found in Ref. [95], but some important issues are mentioned here: One of
the key features of NRADC is that it not only finds the most probable D
concentration profile but also chooses the most probable depth sampling. In
particular, NRADC chooses the number of layers in the resulting depth pro-
files such that it minimizes the number of parameters required to describe
the measured NRA data by applying Occam's razor principle. As described
in great detail in [95] this is done by starting with an initial depth sam-
pling based on stopping power and NRA cross-section peak energies. After
subdividing this initial depth sampling the profile is then refined further to
finally yield the most probable depth profile and the respective confidence
intervals for the D concentration in the individual layers. The error bars
given in all depth profiles are only the statistical uncertainties determined by
NRADC and thus do not describe the total uncertainty of the measurement.
The total uncertainty of the measurement would include contributions from
other parameters not estimated by NRADC during the optimization proce-
dure like for instance the energy calibration, the current measurement, solid
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angle determination, and the used cross sections. In addition, the uncer-
tainty in the depth spectra increases with increasing depth. For the present
experimental conditions, the sensitivity of NRA measurements for depths
exceeding about 12 µm in tungsten is about 1×10−4. Values lower than
that cannot be distinguished from the background noise. For the quantita-
tive analysis the cross-section data published by Alimov et al. [93] is used.
The total amount of D retention was finally determined by integrating the
D profile over the measured depth. Using a-C:D films for calibration it has
been shown earlier that the uncertainty for determination of D amounts
by NRA is about 10 % [75]. To check the performance of the detectors
and to minimize the scatter in absolute D areal densities in the measure-
ments presented in this work, a calibration sample of known D content was
measured in each measurements series with projectile energy of 0.69 and
2.4 MeV. The accuracy of the beam current measurement (typically 5 %)
together with the counting statistics about 1% to 3 % (counts depending
on D content and energy) assures that the accuracy of the measurements
stays within 10%.
2.3.3.2 Rutherford Backscattering Spectroscopy
As a typical analytical technique employed in material science, RBS is fre-
quently used to determine the areal density of different elements contained
in the matrix by measuring the backscattering of a high-energy ion beam
(typically protons or α particles) impinging on a sample. After an elastic
collision with the stationary target nucleus, the energy of the backscattered
particle is determined by the kinematics of the collision  the conserva-
tion of both momentum and kinetic energy. This backscatter energy is
roughly proportional to the mass of the target nucleus participating in the
binary collision. In the present work, most the RBS measurements were
performed with 1.5 MeV α projectile beam to ensure the Rutherford cross-
section assumption[96]. In some case, 3.0 MeV beam is also used for RBS
measurements to measure the whole thickness of a relatively thick layer.
The backscattered particles were recorded with a PIPS detector at a
scattering angle of 165◦ with a solid angle of 1.15×10−3 sr in the present
RKS facility [30]. The beam spot is normally 1×1 mm2. In most cases, RBS
can determine the composition of the sample with relatively high resolution.
As will be shown in the next chapters, RBS will be employed to characterize
the nitrogen content in sputter-deposited WNx films and also to determine
the erosion of WNx due to exposure to D plasma or Ar plasma (see in
Chapter 4). The energy resolution of the RBS measurements based on the
present setting is 15 keV. Accordingly, the thickness of the sample to be
resolved in the present RBS measurements is limited to a few nanometers.
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This means, RBS cannot be used to measure the implanted N amount in
a W surface after exposure to N2 plasma. For this purpose, NRA will be
used, as presented in detail in Chapter 3. By the combined use of RBS and
NRA the N and D amounts in all the sample surfaces of the present work
can be determined.
2.3.4 Confocal Laser Scanning Microscopy for Surface
Morphology
The morphological modifications of the sample surface induced by plasma
exposure were characterized in the present work by confocal laser scanning
microscopy (CLSM, Olympus LEXT OSL 4000), using differential interfer-
ence contrast (DIC) microscopy. The DIC technique [97, 98] is normally
specialized for specimens that have only poor contrast. It also works very
well in a reflection geometry, e.g., for surface analysis in materials science.
In short, two beams of orthogonal polarization (ordinary and extraordinary
beam) separated from linearly polarized light by a Nomarski's prism are
projected onto the specimen by the condenser lens with a spatial separation
of approximately one Airy disk radius. The Nomarski's prism can make the
two beams form a focal point outside the volume of the prism, which allows
much easier integration into the optical set-up of the microscope since no
special lens construction is needed anymore. The reflection from the sur-
face of the specimens will give rise to a phase shift between the two beams
depending on the local distance between specimen and objective lens. After
the reflection, the two beams will go through a second Nomarski's prism
behind the objective lens for recombination and exact compensation of the
phase shift from the condenser prism. By this, only the phase difference
introduced by the specimen remains. A second polarization filter oriented
perpendicular to the one in the illumination system removes all linearly
polarized light and allows only circularly polarized light to interfere in the
image plane. Finally, the image represents a map of the local slope of the
specimen surface and is very sensitive to the height of the surface, typi-
cally in the order of 1% of the wavelength of the incident light, i.e., a few
nanometers. However, CLSM has a very limited lateral resolution compared
with scanning electron microscopy. In general the ease of operation and no
vacuum request of CLSM make it very useful for characterizing relatively
large features (such as blisters) in large areas of the sample surface.
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2.3.5 Temperature Programmed Desorption for N&D Thermal
Release
For the present NRA measurement, due to the projectile energy limit of the
impinging 3He+ ions, the largest information depth for D depth profiling
in W is roughly 8 µm [30]. However, it is highly probable that D will dif-
fuse beyond this depth, especially for implantation with high fluence or at
elevated temperature. To assess the D retention in larger depth, Tempera-
ture Programmed Desorption (TPD), also often called Thermal Desorption
Spectroscopy (TDS), was used in the present work to determine the total
amount of deuterium retained in the tungsten specimen. TPD measure-
ments were always performed in the quartz tube of the TESS device after
the NRA measurement. A basic description of TESS is given in Ref. [99].
The temperature response of the samples to the linear oven tempera-
ture ramp was calibrated in independent experiments by a thermocouple
spot-welded to a tungsten sample of identical size and surface finish. For
sputter-deposited layer samples with Si substrates, another Si sample with
a hole in the center is connected to the thermocouple for the calibration of
temperature response. The samples were heated up to a sample temper-
ature of 1273 K with an oven heating rate of 15 K/min. This maximum
temperature of 1273 K is high enough to ensure desorption of all retained
D from the samples [47].
The desorbed gases were measured with a quadrupole mass spectrometer
(QMS). The secondary electron multiplier of the QMS was operated in single
ion counting mode to minimize the background noise and to be able to apply
Poisson statistics for determining the accuracy. Selected mass channels
between 1 and 44 amu were recorded as a function of time. The following 15
mass channels were recorded: 1, 2, 3, 4, 12, 14, 16, 17, 18, 19, 20, 28, 32, 40,
and 44 amu. Some of them are just measured to assess background emission
and to check that no other species are released. It should be noted that,
some gas species with the same masses can not be calibrated or quantified
through TPD measurements. For example, of significant relevance to the
present thesis, the quantification of deuterated ammonia isotopologues is
presently not possible. On the one hand, ammonia sticks strongly to the
chamber walls such that the introduction of large amounts of ammonia
for calibration would pollute the whole TESS device. On the other hand,
the same mass of different deuterated ammonia and water isotopologues
(18 amu for both NH2D and H2O, 19 amu for NHD2 and HDO and 20
amu for ND3 and D2O) cannot be distinguished with a standard low-mass-
resolution QMS. Therefore, as one will see in Chapter 4, the total amount
of D released in form of hydrogen molecules from D-implanted WNx sample
was calculated from the integral of the D2 (4 amu) and HD (3 amu) peaks. It
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has to be stressed that this is only a lower limit to the retained D amount in
the samples for two reasons: Firstly, some of the D in the layers is released in
form of water and ammonia which cannot be quantified as discussed above,
Secondly, because the layers completely delaminated from the substrate
because of the TPD analysis, the above assumption that all retained D is
released at this temperature is correct or not.
For the quantitative analysis the QMS signals, HD and D2 were cali-
brated. The following procedure was applied for calibration: calibration
gases were introduced through an aperture 80 µm in diameter and guided
through a capillary into the device. The conductance of the capillary is much
higher than that of the aperture, so that the flux is only determined by the
aperture. The conductance of this aperture was determined experimentally
for the different gases using the method suggested by Tschersich [100]. A
given volume of unknown size at the high pressure side of the aperture was
filled with the calibration gas to a pressure of the order of 10−210−1 Pa.
The pressure on the high pressure side was measured with a spinning rotor
gauge (rated accuracy of 1-10% depending on the pressure range). After
closing the input valve the gas was purged into the high vacuum system.
The exponential decay of the QMS signal and the pressure reading of the
pressure gauge were recorded as a function of time. The same procedure
was repeated adding a known volume on the high pressure side. From these
two measurements the gas flow can be determined and the uncertainty is
only given by the accuracy of the pressure measurement and the volume
measurement which is lower than 2%. The QMS signal was then calibrated
using this set-up and applying count rates typically achieved during a TPD
experiment (between 500 and 20,000 counts per second in the desorption
maximum). A certain constant gas flow was introduced into the UHV cham-
ber and the QMS signal was measured until the QMS reading was constant.
This procedure was repeated for five different flow levels and the linearity
was checked. The calibration factors for HD and D2 are (4.1± 0.14)× 109
molecules per count, and (4.0±0.15)×109 molecules per count, respectively.
The error bars are determined by consecutive calibration measurements and
are governed by the stability of the detector rather than by determination
of the flow. This calibration procedure was additionally cross checked for
D2 in an independent measurement using a calibrated leak (Laco Technolo-
gies). The certified flow of this leak was 1.22 × 1014 molecules/s with a
rated accuracy of ±4.6%. The flow determined for the same QMS reading
according to the above calibration procedure was 1.22 × 1014 molecules/s.
Consequently, It is assumed that the QMS calibration for HD and D2 has
an uncertainty of less than 10%. The basic settings for TESS for the char-
acterization of N amount in the samples is similar to that for D. Specific





Pre-characterization of nitrogen (N) in the W:N surfaces is of great im-
portance for further understanding the interaction of such surfaces with D
plasma. Two techniques for producing thick and thin N-containing W lay-
ers were applied in the present work. Thick layers up to a few hundreds
nm were deposited by reactive sputtering of a W target in N-containing
atmosphere and thin layers by direct implantation of energetic N ions into
pure W surface. For sputter-deposited WNx layers the influence of two
processing parameters, i.e., the N2 gas flow ratio and the substrate bias
voltage on the N concentration of the films were investigated. While only
the influence of bias voltage during the implantation on the final retained
N amount was studied for the N-irradiated W surfaces. The characteriza-
tion of the N amount or concentration in both N-containing layers will be
presented in detail in this chapter. Several different techniques, including
Rutherford Backscattering Spectroscopy (RBS), Nuclear Reaction analysis
(NRA), X-ray Photoelectrons Spectroscopy (XPS) and Temperature pro-
grammed Desorption (TPD), were employed to determine the N amount or
concentration in different samples, respectively. Comparison of the results
from different techniques for some of the samples allows cross-checking the
reliability of each technique. Based on the results, the dependence of the
N amount or concentration on experimental parameters during fabrication
processes is discussed. Based on the detailed characterization, W:N samples
fabricated under a certain condition were selected for further exposure to
D plasma, as will be presented in the following chapters.
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3.1 N Characterization in Sputter-depositedWNx Films
3.1.1 WNx Films Deposition
As described in Sect. 2.1.2, WNx films were deposited by reactive sputtering
of a W cathode target in an Ar-N2 mixture atmosphere. For the sputter-
deposited WNx films investigated in the present work, two of the deposition
parameters have been varied to produce different compositions, namely the
N2 flow ratio and the substrate bias. Four different N2 flow rates were
examined: 20%, 50%, 80% and 100% by keeping the total flow rate fixed
(30 sccm) and thus the pressure almost constant. For films deposited with
different N2 flow rates, the substrates were not biased. The influence of
substrate bias on the film properties was studied for pure N2 gas, i.e. with
a flow rate of 100% N2. The substrate bias was applied through an RF
power supply independent from that for the cathode bias. Three different
RF bias powers were investigated: 0, 50 and 100W . To allow a step-by-step
comparison, only one experimental parameter was varied in each deposition
run while the others were kept the same.
Not only the film composition but also the deposition rate varies with
different experimental parameters. The deposition rate for each condition
was determined by measuring the film thickness with profilometry after a










20 % (N2=6 sccm) 0 11.7 37
50 % (N2=15 sccm) 0 9.0 47
80 % (N2=24 sccm) 0 6.2 65
100 % (N2=30 sccm) 0 4.1 72
100 % (N2=30 sccm) 50 2.4 -
100 % (N2=30 sccm) 100 2.1 -
Table 3.1: WNx deposition rate at different conditions
However, for WNx deposition onto unbiased Si substrates with 80% N2
fraction, it turned out that the deposited layer always cracked or peeled
off from the substrates immediately when the chamber was opened. This
might be due to the large stress accumulated during the film growth. Films
deposited with other N2 fractions had no such problem, which points to a
different stress accumulation process in films grown at 80% N2 flow ratio.
To determine the deposition rate of the films at this condition, the running
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time for the deposition was reduced to 15 min such that the accumulated
stress was not high enough to crack the film.
Table 3.1 shows the deposition rate of WNx layers for different experi-
mental conditions. As one can see in the table, the deposition rate decreases
with increasing N2 fraction and with increasing substrate bias power. The
layers deposited with the lowest N2 fraction had the highest deposition rate.
This indicates that the sputtering of W on the target surface is dominated
by Ar ions, such that the decreasing Ar fraction will cause less sputtering
at the cathode target. If the substrate is biased the increased energy of the
ions impinging on the substrate can additionally enhance the sputtering of
the deposited layer. This has further decreases the deposition rate.
3.1.2 Sputtered WNx Films Characterization: RBS and XPS
3.1.2.1 RBS measurements on WNx films
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Figure 3.1: RBS spectrum of WNx films deposited onto Si substrates with 50%
N2 fraction. Symbols represent the measured data and line stands for data from
SIMNRA simulation.
After deposition, RBS measurements were performed on all the de-
posited WNx layers to determine the N areal density and W:N ratio in
the layers. Details of RBS measurements have already been described in
Chapter 2. An example of an RBS spectrum is shown in Figure 3.1, where a
sample deposited with 50% N2 fraction was measured with 1.5 MeV
4He+.
The thickness of the WNx layer was about 75 nm which took about 8.5 min
for deposition. The measured data is shown here by square symbols while
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the line stands for the model spectrum simulated with SIMNRA [94] us-
ing Ziegler/Biersack stopping power data and taking dual scattering into
account. At low energies, the simulation does not fit to the experimental
data very well. This can be explained by the increasing uncertainty of the
stopping power and cross-section data at low projectile energy.
The high-energy edges of the peak from each element present in the
layer system were labeled in the figure according to the simulation. With
the highest nuclei mass compared with other elements (Si, N) of the layer,
the W peak appears at the location with the highest energy (W edge at
∼1370 keV). Since the width of the peak corresponds to the thickness and
the height depends on the concentration in an RBS spectrum, the thin WNx
(∼135 nm determined from FIB cross-sectioning) on top of Si substrate gives
rise to W peak separated from that of Si. As one can see in Figure 3.1, the
backscattered particles from the Si substrate exhibit an energy ranging from
the edge (at about 780 keV) to the cut-off edge at low energy, i.e., the low-
energy discriminator of the hardware. The width of the Si peak is much
larger than that of the W peak due to a much larger thickness (i.e., as
substrate). Compared with Si nucleus, N is even lighter which gives rise to
a peak overlapping with the Si spectrum. This becomes noticeable as the
bump in the figure (as enlarged by the inset in Figure 3.1).
In principle, all the measured peaks in the spectra can be fitted simulta-
neously in terms of peak edge, width and height. However, this is in reality
not the case due to some simplification in the simulation. Because N peak
at lower energy has very low intensity and overlaps with the Si background,
the strategy here is to fit the much stronger W peak for determination of
the layer composition by assuming only W and N are contained in the layer.
Namely, only N in the layer can dilute W and thus reduce the height of W
peak in the RBS spectra. As one can see in the inset, after fitting the W
peak (high-energy edge, width and height), the high-energy edge for the N
peak is still not well fitted. This may be due to influence of the surface
roughness, which is presently is not taken into account. Regarding to the
assumption of no other impurities being present in the layer, XPS mea-
surements had actually been performed on the layers, which indicated that
impurities such as Ar, C and O (Ar might come from the deposition process
and C and O might be from the exposure to air) are also contained in the
layer. But the concentrations of Ar or O were below the detection limit of
the present RBS measurements. This makes the 'no-impurity' assumption
reasonable for the SIMNRA simulation. The W:N ratio in the present layer
is then determined as 57:43 with an areal density of 5.6×1021 atoms/m2,
which is roughly 1:1 in stoichiometry. From this areal densities measured
by RBS and from the initial thickness measurement of the deposited film
(e.g., by profilometer and further confirmed by FIB cross-sectioning), the
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atom number density of the present WNx layer can be determined, which
is roughly 7.4×1028 atoms/m3.
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Figure 3.2: RBS spectra of sputter-deposited WNx films deposited onto Si sub-
strates with 4 different N2 gas fractions during the deposition.Symbols and lines
represent experimental and simulated data, respectively
For comparison, the experimental and simulated RBS spectra of all the
layers deposited with different N2 fractions are plotted together in Fig-
ure 3.2. Based on the determined deposition rates (see in Tab. 3.1), the
thickness of all the layers were kept roughly at 75 nm by adjusting the de-
position duration such that the W peaks in the RBS spectra do not overlap
with each other. As one can clearly see, both the height and width of the
W peak differ from each other. This clearly points to a different W con-
centration and accordingly a different N concentration. Again, to fit all
the measured RBS spectra for the N concentration from different deposi-
tion conditions, it is assumed in all layers that N is the only species that
dilutes W in the layer. As a result, the N concentration for each experi-
mental condition is obtained and listed in Table 3.1. As one can see, the N
concentration determined from SIMNRA simulation increases with the N2
fraction during the deposition, which exhibit an opposite trend as the layer
deposition-rate does.
Above, all the WNx films for determination of N contents by RBS were
directly deposited onto Si substrates, where the W peak is isolated in the
RBS spectra from that of Si substrate. By fitting this W peak, the N
amount and concentration is determined with the 'no-impurity' assumption.
However, one has to consider the diffusion of N into Si substrates and also
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the chemical reaction between these two elements (e.g., Si3N4) if WNx films
will be treated at elevated temperatures. In the present thesis, to avoid
the influence of Si substrates during heat treatment, a 2-µm-thick W-film
is employed as interlayer.
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Figure 3.3: RBS spectrum of WNx films deposited 50% N2 fraction onto Si substrates
with 2-µm-thick W-film as interlayer. Symbols represent the measured data and line
stands for data from SIMNRA simulation.
The RBS spectrum of such a layer system (measured with 1.5 MeV
4He+) is shown Figure 3.3. The top WNx layers were deposited with the
same condition as used above (i.e., 50 % N2 fraction, 300-W DC power,
15 min). With the same 4He+ projectile beam, the high-energy edge of W
is located at the same position (∼1370 keV) as that shown in Figure 3.1.
However, other than the RBS spectra for WNx layers deposited directly
onto Si substrates there is no isolated W peak, but a step-like structure
due to the presence of the underlying W films. Due to its low thickness
(∼135 nm) compared with the underlying W films, the WNx layer is not
well visible in the full RBS spectrum. Therefore, the area of interest in
the RBS spectrum, i.e., the region containing information about the WNx
layers, is enlarged as the inset in Figure 3.3. As a dashed line, the simulated
RBS spectrum of a W film without WNx coating on top, is also shown.
As one can see in the inset of Figure 3.3, the W concentration within
the coatingcorresponding to the RBS signal from the high energy edge
at about 1370 keV to the interface at about 1220 keVis lower than for
the W substrate because of the presence of nitrogen. The step at about
1220 keV marks the transition from the WNx layer to the underlying W
films. The width of the W-depleted region in the RBS spectra corresponds
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to the thickness of the WNx layer and the height of the RBS signal at
a specific energy depends on the local W concentration. The RBS signal
corresponding to the N species in the WNx layer, which should appear in
the backscattering energy range of 350-480 keV, cannot be directly seen due
to the intense W background at the lower backscattering energies and the
low cross section for N. Similarly as the N characterization in WNx layers
deposited directly onto Si substrates, the N concentration can be derived
from a simulation of the RBS spectrum by SIMNRA as the balance to the
W signal in the W-depleted layer assuming N is the only species that dilutes
W in this layer. As a result a W concentration in the WNx layer of (57±2)%
is deduced. Within experimental uncertainty, the N concentration in WNx
on W-coated Si is essentially the same as in WNx layer deposited directly
to Si substrates.
3.1.2.2 XPS Characterization of WNx Films
Although RBS can quantitatively characterize the W:N ratio in the layer,
it cannot determine the stoichiometry composition for W-nitride. Further-
more, due to unavoidable exposure to air, the surface will always be contam-
inated with other species, such as C, O and also N, which is normally not
able to be resolved in RBS measurements. Therefore, as a complementary
characterization for the surface of the sputter-deposited WNx films, i.e., the
chemical bonding between W and N and a possible surface contamination,
XPS measurements were performed for films from deposition with different
N2 flow ratios. The analyses in the present work focuses on the N1s peak
at 397 eV and the intense W4f 7/2 peak at ∼32 eV (W4f 5/2 at about
34.5 eV).
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Figure 3.4: XPS measurements on sputter-deposited WNx films with varied N2 gas
fractions: a) W4f peaks; b) N1s peaks. The peak intensity of W4f (N1s) decreases
(increases) with the increasing N2 flow ratio.
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Shown in Figures 3.4 a) & b) are the W4f and the N1s peaks, respec-
tively, of the as-deposited film surfaces with different N2 flow ratios during
the deposition. The intensity of W4f peak decreases while the binding en-
ergy (BE) increases as the N2 fraction increases from 20% to 80% (BE from
∼32.2 to 32.9 eV) and remains unchanged if N2 fraction further increases
to 100%. Correspondingly, the binding energy of the N1s peak decreases
as the N2 gas flow ratio increases up to 80% (from 397.4 to 396.7 eV) and
remains the same at 100% fraction (see in Figure 3.4b).
Interesting is the evolution of the intensity of the N1s peak. The inten-
sity of the N1s peak increases up to 80% but then decreases significantly
at 100%. With an increasing N2 fraction (i.e., an decreasing Ar fraction
and thus less sputtering of the W cathode) up to 80%, more W atoms will
probably bond to N simply due to less W and more N in the reaction area,
which gives rise to a decreasing W4f peak and increasing N1s peak. Fur-
ther increase the N2 gas flow ratio to 100%, both W4f and N1s peaks keep
almost the same binding energy but decrease in peak intensity. This may
indicate that the bonding between W and N gets to an saturation at N2
fraction 680%. Namely, all the sputtered W atoms are bonded to N. Fur-
ther increase of the N2 fraction will only result in less W-N bonding due
to even less sputtering of the W cathode. In other words, other phases of
W-nitride may probably form.
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Figure 3.5: Ar-sputter XPS depth profiling of sputter-deposited WNx films with differ-
ent N2 gas flow fractions without substrate bias. Details of the sputtering conditions can
be found in the text.
XPS measurements were also performed on the WNx-film surfaces after
Ar sputtering with four Ar fluences from 7.0×1014 to 7.0×1016 Ar/m2. Both
W4f and N1s peaks as a function of Ar fluence are plotted in Figure 3.5.
36
Chapter 3. Characterization of W:N Surfaces
A quick rise of the W4f and correspondingly a quick drop of N1s from the
lowest Ar fluence to the next is shown for all the samples from different
N2 fraction. After that, both W4f and N1s change very slowly with the
increasing Ar fluence. Note that, due to preferential sputtering of N in
the WNx films by Ar ions, the ratio from XPS measurement is not the
real concentration within the layer. As an example, the intensity ratio of
the W4f and N1s peaks during Ar sputtering on WNx film with 50% N2
fraction is shown in Figure 3.6. The intensity of the W4f peak increases and
the N1s peak correspondingly decreases with increasing Ar fluence. At the
same time the W4f peak shifts to lower binding energy (where the metallic
W4f peak is located) but the N1s peak does not shift at all. The increase
of the W4f peak intensity and the accompanying decrease of the N1s peak
intensity point clearly to a W enrichment due to the preferential sputtering
of N by Ar ions. Therefore, only the ratio from the initial stage before any
Ar sputtering can be used to estimate the real concentration of N in the
deposited layers, although there may also be an effect from the adsorbed N.
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Figure 3.6: Ar-sputter XPS depth profiling on sputter-deposited WNx films with 50%
N2 fraction: a) W4f peaks; b) N1s peaks. The peak intensity of W4f (N1s) decreases
(increases) with the increasing Ar fluence, but N1s shows no shift of the binding energy.
For the sputter-deposited film it is reasonable to assume a constant N
concentration through the whole layer. Based on this assumption, SDTrimSP
is used to simulate the measured depth profile to get an idea on the sur-
face concentration of different WNx films. Before going to the results, it is
advisable to recall what SDTrimSP can simulate and what not. TRIM and
related simulation tools describes the transport of energetic ions in mat-
ter on the basis of the binary collision approximation, which is well tested
and routinely applied for simulating the transport of energetic particles in
amorphous solids with a Monte Carlo approach.
In the present case, SDTrimSP simulations were performed to simulate
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Figure 3.7: SDTrimSP simulation on Ar-sputtering XPS measured sputter-deposited
WNx films with different N2 gas flow fraction, assuming a uniform N concentration
through the whole layer. The atomic ratio at the lowest Ar fluence from the most fitting
spectrum is taken as the actual film concentration.
the sputtering of WNx films with assumed N concentration from 15% to
50% by 10 keV Ar ions. The results are plotted together with the measured
depth profiles in Figure 3.7, where filled symbols stand for the experimental
data and lines for the simulation results. As one can see in the figure,
all the measured profiles show a very fast decrease of the N intensity at
low Ar sputtering fluence. This is, however, much less pronounced in the
simulation results. This is attributed to the removal of the adsorbed N2
from the surfaces, which is not taken into account for the simulation. The
N concentration is taken through the comparison between the simulated and
the experimental depth profiles. If the simulated depth profile with a certain
N concentration can fit the experimentally measured profile, then the preset
N concentration will be taken as that for the measured WNx layer from a
certain N2 flow ratio. By this, it is know the WNx films deposited with 100
% N2 fraction has a N concentration of about 35% (half-filled circles)and
the N concentration in 20%-N2-deposited WNx is lower than 15%.
The obtained N concentrations are then compared with the W:N ratio
determined by RBS measurements (see Table 3.1). It turned out that the
N concentrations from the XPS Ar-sputtering depth profiling are all much
lower than those from the RBS results. Since the quality of SDTrimSP
simulation depends strongly on input parameters and the kinetic energy,
such as the binding energy taken for simulation, the large deviation between
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XPS and RBS results may be due to the incorrect input parameters for the
simulation. Furthermore, as mentioned above, the removal of adsorbed
layer is not taken into account in the simulation, which may also contribute
some deviation on the real N ratio. Taken these factors into account, the
RBS-determined W:N ratio is used in the present work for the following
chapters.
For the following D implantation experiments, it is necessary to use the
same WNx films from a certain deposition condition. Several requirements
should be considered. First of all, WNx films themselves must be stable
enough. From literature it is known that the most stable stoichiometry
of W-nitrides is that with a W:N ratio of 1:1 [61]. This is close to the
present WNx layer deposited with 50% N2 fraction. Secondly, the whole
layer structure must be stable. This rules out the WNxlayers deposited
with 80% N2 flow fraction, since they peel off directly after deposition.
Furthermore, the deposition rate must be taken into account for realistic
reason. The sputter-deposited WNx layers are used as a model system for
the redeposited layers in fusion device after seeding N2, which is assumed
to be much thicker than the N-containing layers formed by N implantation.
WNx layers deposited from pure N2 atmosphere is not considered for the
present work due to its very low deposition rate. Finally, according to
both RBS and XPS measurements the N content in the layers from 20% N2
fraction is also much lower compared with the most stable stoichiometry of
W-nitrides. Therefore, the chosen WNx layers for further interaction with
D plasma are those deposited with 50% N2 fraction and without substrate
bias during the deposition.
3.2 Characterization of N-implanted W Surface
N implantation into both mirror-finished bulkW samples or sputter-deposited
W films were performed in either PlaQ (see in Chapter 2) for low energy
implantation (0-300 V) or in the Denton sputter device with high ion en-
ergy (up to ∼1200 V bias). The N implantation into W films in 'Denton'
sputter device was performed by applying a RF power on the sample holder
(0-400 W RF power) in N2 atmosphere after film deposition and cooling for
a short period (the substrate temperature rose up to 370 K after a 3-hour
deposition) without breaking the vacuum. According to in-situ ellipsome-
try investigation during PlaQ exposure (see in Chapter 5), the W surface
will reach a saturation level of the ellipsometry signal after about 10 min
N implantation. Therefore, N implantations into W surfaces in this section
were performed for 30 min to make sure a steady state of the surface was
reached. After N implantation, W surfaces were characterized by XPS and
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the exact N amount was determined using NRA, respectively.
3.2.1 NRA Probing of N-implanted W Surfaces
In the present work, all the N2 plasma exposures were performed at temper-
atures below 600 K. In this temperature range, the diffusivity of N in W is
negligibly low [61, 65, 68]. Note that for high ion energy implantations per-
formed in the Denton sputter device, the temperature of the sample would
rise by a few tens Kelvin due to the bombardment with N ions, but the
final temperature was still far below 600 K. For bulk W samples implanted
in PlaQ, the sample temperature was kept constant at 300 or 500 K by
either a ethanol cooling channel or adjusting the input power of a radiation
heater (see in Chapter 2). Therefore, in all cases the generated N-containing
layer is expected to be rather thin due to the low diffusivity at the present
temperatures. Such thin layers are below the the detection limit for the
present RBS experimental setting. For a more reliable quantification of the
N amount, the N-implanted W surfaces were measured by NRA rather than
RBS.
Figure 3.8: Cross-section of 14N(4He,p)17O nuclear reaction as reproduced from Ref.
[102, 103].
Typically, two different nuclear reactions can be used to probe the N
amount, namely, 14N(3He,p)16O [68, 101] and 14N(4He,p)17O [102, 103].
For the first nuclear reaction, the cross-section stays almost constant within
the relevant 3He energy range [101]. The routinely used energy of the 3He
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ion beam for probing the N amount by this nuclear reaction is 3.8 MeV,
as, for example, used by Schmid et al. in Ref. [68]. However, due to
different excitation levels of the compound core during the reaction, the
produced protons have at least seven different energies [101] and, some of
them overlap with each other in the energy spectra. Because the P1+P2
peaks are the strongest and are also well separated from other proton peaks,
they are often employed to characterize the N amount. However, it is not
known if the relative contributions from P1 and P2 will stay constant as a
function of projectile energy.
In the present work, the 14N(4He,p)17O nuclear reaction is employed,
where the produced proton has only one peak. The cross-seciton data of this
nuclear reaction is shown in Figure 3.8, as reproduced from Refs. [102, 103].
As one can see, the cross-section is very sensitive to the 4He projectile en-
ergy. Since presently by N implantation the N-containing layer in the surface
is so thin that the energy loss of projectiles within this layer is negligible,
a less sensitive energy range is chosen to probe the N amount. According
to this consideration, a 4He2+ beam with 4.8 MeV energy was chosen here.
It can be seen from Figure 3.8 that the cross-section is relatively low at
4.8 MeV and it remains approximately constant down to about 4.6 MeV.
This energy range corresponds to the calculated energy loss in a WN layer
of ∼120 nm thickness. Because the calculated penetration range of N ions
with 1200 eV - the maximum energy used for N implantation in this work
- is about 4 nm [104], the N content in the N-implanted W surface, as well
as sputter-deposited WNx layer with thickness less than 120 nm, can be
measured by NRA using the second nuclear reaction between 3He+ and N.
To convert the proton counts from the NRA measurements into actual
N areal densities, one needs a reference sample with known N content for
calibration. Namely, RBS measurement on the reference sample determines
the total N amount by SIMNRA fitting and then NRA measurement with
4.8 MeV 4He2+ for the proton counts. From the integration of the proton
peak and the N amount from RBS measurements, the calibration factor can
be obtained. Two points need to be taken into account for the choice of the
reference sample. First is the thickness of the reference sample. Since the
cross-section data of the 14N(4He,p)17O nuclear reaction is very sensitive
on the projectile energy, the thickness of the reference sample should be less
than 130 nm. Second is the substrate material. As shown in Figure 3.1,
Si as substrate material will generate a proton peak overlapping with that
from N. Although one can still get the N amount by fitting the isolated
W peak there, it would be nice if the N peak in the RBS spectrum is also
separated from the chosen reference sample such that it can be fitted in
SIMNRA without any additional assumption. In that sense, a substrate
with even lighter nuclei than N, such as C, would be a good choice.
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Based on the aforesaid considerations, a thin CNx film (∼ 60 nm) sputter-
deposited onto a graphite substrate was taken as reference sample for N
amount quantification. The deposition of CNx was also performed in the
Denton device by sputtering a carbon target in pure N2 atmosphere (0.9 Pa)
applying 500 W RF power on the cathode. Before deposition, the graphite
substrate was polished with water for quite some time to produce a rela-
tively smooth surface. The generated bias voltage on the cathode is roughly
590 V, which gives rise to a deposition rate of ∼9.5 nm/min. The CNx was
deposited only for 6 min (about 60 nm thick) such that the energy loss for
4.8 MeV 4He2+ in the layer is negligible. For comparison, a Si sample was
used as substrate for deposition of a similar CNx layer in the same batch.
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Figure 3.9: The measured proton yields from NRA with 4.8 MeV 4He2+ for different
samples. The proton peak from Si overlaps with that from N.
After deposition, the CNx layers deposited on both graphite and Si sub-
strates were analyzed by NRA with 4.8 MeV 4He2+. Figure 3.9 shows the
proton spectra from the NRA measurements on these three samples. Also
shown for comparison is the proton spectrum from NRA measurement with
the same 4.8 MeV 4He2+ beam on a single crystalline Si substrate without
CNx layer on top. The proton peak for N from the NRA measurement on
the CNx sample deposited on graphite is located at the energy range of
0.9-1.2 MeV, as shown by the squares in Figure 3.9. The proton spectra
from both CNx-coated Si sample and pure Si substrate show a proton peak
(circles and triangles) at the same energy range as N (squares). Obviously,
Si must not be used as the substrate material for the reference sample for
the quantification of N using the 14N(4He,p)17O nuclear reaction, not to
mention that Si nuclei is heavier than N and thus overlapping with N peak
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in the RBS spectrum.
RBS with 1.5 MeV 4He+ and NRA with 4.8 MeV 4He2+ were performed
on the CNx-coated graphite sample for determination of the calibration
factor. The experimental spectra, as well as the simulation, are shown
in Figure 3.10. All the elements in the RBS spectrum are labeled. The
N amount was extracted by fitting the separated N peak (∼400-500 keV)
in Figure 3.10 using SIMNRA. Note that some oxygen is also containing
in the CNx layer, but this is of no relevance for the determination of the
N amount from the RBS measurement. The extracted N amount was then
employed to fit the N-related proton peak from the NRA measurement with
4.8 MeV 4He+ beam. An excellent fit is obtained between the simulation
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Figure 3.10: Determination of the calibration factor for N amount by measuring CNx
on graphite with RBS and NRA methods. The simulation of the proton spectra is based
on the cross-section data from Fig. 3.8.
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and the experimental proton peak. From this measurement, the calibration
factor for N was determined: 0.313 proton counts/µC for 1015 N/cm2. This
calibration factor was in the following employed to determine the the N
amount in N-implanted W surfaces.
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Figure 3.11: N amount in W surfaces after exposure to N2 plasma for 30 min in
PlaQ with DC bias voltage up to 300 V. The background N amount is determined
from as-stress-relieved sample, which is attributed to the surface contamination from
N-containing species. The applied RF power in Denton sputter device is also given in
the figure.
Figure 3.11 shows the N amounts in W surfaces after N2 plasma expo-
sure in PlaQ with low bias voltage (DC bias up to 300 V, filled symbols)
and in the Denton sputter device with high bias voltage (RF power up to
400 W , half-filled symbols). Plotted in dashed line is the background N
amount. The background N amount is defined as the average value of the
N amounts measured from the surfaces before N plasma loading. This N
amount is attributed to the absorption of N-containing species from the am-
bient atmosphere. After N plasma exposure in PlaQ, the N amounts in both
W films and bulk W samples are much higher than the background value.
It is shown that within the experimental uncertainty, bulk W surfaces have
approximately constant N amount by implantation in the investigated DC
bias voltage range, while the N amount in the W films increases slightly
with increasing bias voltage in PlaQ. And N retention in the bulk W sur-
face is lower than that in sputter-deposited W films by more than 20%.
This is attributed to higher defect density of W films compared with bulk
materials.
Some W films were after deposition directly exposed to N plasma in
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the Denton sputter device and then measured with NRA for comparison
with the low-energy (6 300 V DC bias) N implantation in PlaQ. As one
may expect, with higher impinging energy, the N amount is also higher in
the W films after implantation. Ignoring the different N2 plasma ignition
ways in these two different devices, one can get a quasi-linear dependence
of the N amount in W-film surface with the bias voltage within the present
investigated range. It is expected that saturation of the implanted N amount
will be reached if the bias voltage is high enough such that sputtering and
implantation balance each other. However, this seems to be not the case for
the present conditions. With the presently highest bias voltage (∼1185 V
by 400 W RF power), no clear evidence is shown for the saturation.
3.2.2 XPS Characterization of N-implanted W Surfaces
4 0 3 8 3 6 3 4 3 2 3 00
4 0 0
8 0 0
1 2 0 0
1 6 0 0
2 0 0 0









B i n d i n g  e n e r g y  ( e V )
( a )
W  4 f  5 / 2 W  4 f  7 / 2 N  1 sa p p l i e d  R F  p o w e r
 5 0  W 1 0 0  W 2 0 0  W 4 0 0  W
B i n d i n g  e n e r g y  ( e V )
( b )
Figure 3.12: XPS measurements on the sputtered W film surfaces after N implantation
with of with different RF power bias. a) W4f peaks; b) N1s peaks. Both W4f and N1s
are only slightly different which indicates identical surface processes during N2 plasma
exposure at the present energy range.
Being measured with NRA for the total retained N amount, the N-
implanted W-film surfaces were further characterized with XPS. The W4f
and N1s peaks from all the N-implanted W-film surfaces measured by XPS
are shown in Figure 3.12. For W films implanted with RF powers from 50
to 400 W , only a small shift of the W4f binding energy can be found from
50 to 100 W . No obvious shift for N1s peak can be found with increasing
RF power. The intensities for both peaks are also comparable for most of
the surfaces. Similar XPS spectra of both the binding energy and intensity
indicate a similar surface composition of all the N-implanted W films.
Ar-sputter XPS depth profiling was also performed for all the N-implanted
W films, as shown in Figure 3.13. The initial intensity of the W4f peak (at
the lowest Ar fluence, see the inset in the figure) decreases slightly as the
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Figure 3.13: XPS Ar-sputter XPS depth profiling on W-film surfaces exposed to N2
plasma in Denton sputter device with different RF power bias.
bias power increases. After a low Ar fluence of 1.6×1020/m2, all the W4f
peaks have already reached a steady state which corresponds to a pure
W films. Correspondingly, the N ratio becomes zero after this Ar fluence.
To be clearer, the evolution of the W4f and N1s peaks from the 50-W -
implanted sample during Ar sputtering are plotted in Figure 3.14. As the
Ar fluence increases, the W4f peak get stronger and shifts to lower binding
energy (see Figure 3.14a). The fast N removal is shown in Figure 3.14b
where the N1s peak disappears at the third Ar fluence (1.4×1020 /m2). All
the other N-implanted surfaces show in general the same behavior as the
50-W -implanted surface.
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Figure 3.14: Ar-sputter XPS depth profiling on W-film surfaces exposed to N2 plasma
in Denton sputter device with 50 W RF power bias. After a low Ar fluence there is no
N signal which indicates a very thin nitride layer.
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Interesting is to compare the depth profile of the N-implanted W films
with that from WNx layers (see Figure 3.5). After sputtering with the
highest Ar fluence (7×1020 /m2), the WNx surface reaches a steady state,
but the N peaks does not disappear. This points to the fact that the N-
containing layer by N implantation is rather thin, which also supports the
conclusion on the negligible diffusivity of N in W at temperatures below
600 K. The sputter yield for 10 keV Ar on W is about 2.3 [105]. Assuming
the N-containing layer is removed with the third Ar fluence (1.4×1020 /m2),
the areal density of the N-containing layer can be calculated: 3.2×1020 /m2.
With the atomic density of WN (7.4×1028 /m3, see Section 3.1.2.1), the N-
containing layer is about 4 nm thick. This value agrees to the implantation
range of N into W with ion energy of 1200 eV, as calculated by Eckstein in
Ref. [104].
3.3 N2 Release from WNx: Temperature
Programmed Desorption
TPD measurements were employed to measure the N amount contained in
both sputter-deposited WNx films and N-implanted W surfaces. The re-
sults can be directly compared with those measured by IBA method for
cross-checking. However, it has to be mentioned that all the layer struc-
tures peeled off from the Si substrates after TPD measurements due to
the thermal expansion mismatch. Therefore, it was not possible to deter-
mine how much N is still remaining in the layer after a TPD tempering
cycle. Although W-nitrides with different phases [61] show different prop-
erties regarding the thermal stability, it has already been shown by Shen et
al. [90, 91] that W2N has the highest decomposition temperature of about
1000-1200 K among all the W-nitrides. With respect to this it is believed
that no N is remained in the peeled-off layers after TPD measurement.
Details for the present TPD measurement and the TESS device can
be found in Chapter 2. Although the description in Chapter 2 is mainly
for investigating the D thermal desorption behavior from W samples, the
experimental setting for N release is very similar to that for D. For the
present N-containing layers, the temperature calibration for the linear oven
heating temperature ramp was done in independent experiments by a ther-
mocouple connected to a Si sample of identical size in stead of bulk W.
The tempering strategy was the same as for D release experiments, namely
annealing up to 1200 K with a heating rate of 15 K/min. It should be noted
that, carbon monoxide (CO) has the same relative mass as the N2 molecule,
mass 12 and 14 are therefore recorded for distinguishing CO and N2. For a
quantitative analysis the QMS signals for N2 were calibrated with pure N2
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gas, as similarly done for D2 calibration. The calibration factor for N2 is
3.8×109 N2 molecules per count with experimental uncertainty lower than
10%.
Two different groups of W:N samples for the TPD measurements were
used: magnetron-sputteredWNx layers and N-implantedW films. Magnetron-
sputtered WNx layers with 3 different thicknesses were deposited for 5, 15
and 30 min (no substrate bias, 50 % N2 flow ratio and 300 W RF cathode
power) to get WNx layers with a thickness of about 45 nm, 135 nm and
270 nm, respectively. To suppress the reaction between N contained in the
deposited layer with the Si substrate during TPD tempering, all the WNx
films were deposited onto Si substrates with 2-µm-thick W films as inter-
layer. The W interlayer was deposited in pure Ar atmosphere, as described
in Section 2.1.2.
For N-implanted W films, all the N implantations were performed in
the Denton sputter device. Because the N-containing layer in N-implanted
samples is rather thin (see preceding section), a multilayer structure was
produced to increase the TPD signal. First, a 2-µm-thick W film was de-
posited onto a Si sample and then sequentially exposed to N2 plasma with
400W RF power (∼1185 V bias voltage) for 10 min. Then a 100-nm-thick W
film was deposited. This was followed by a another 10-min N-implantation
step. The N-implantation range for this bias voltage is about 4 nm [104]
and is therefore, much smaller than the thickness of the fresh W layer. By
this means, multi-N-implanted W layers with 1-times, 3-times and 8-times
N implantation were made.
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Figure 3.15: Thermal desorption of N2 from sputter-deposited WNx films with different
thickness. All the spectra exhibit similar shape with a shoulder before the main peak.
The width of the shoulder is surprisingly proportional to the film thickness, which is
presently unexplained.
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Figure 3.15 shows the N2 release peaks of sputter-deposited WNx layers
with different thicknesses. For all three samples, N2 starts to release from
the sample at the same temperature (∼830 K). This is assumed to be the
decomposition temperature of the present sputter deposited WNx layers.
Literature shows that the decomposition temperature for WN is between 470
and 650 K and for W2N between 1000 to 1200 K [91]. The decomposition
temperature for the present WNx films (∼830 K) is in between the two
reported W-nitride phases. Namely, 'x' is between 1/2 to 1, which also
fits to the W:N ratio determined by RBS (57:43, see Section 3.1.2.1). All
three release spectra are composed of two release peaks. The first one is
a shoulder at lower temperature followed by the main peak. Interestingly,
the shoulder starts from the same temperature (∼830 K) for all the three
samples but exhibits different widths depending on the thickness of the
samples. The height of the shoulder is about 40% of the main peak of the
sample with smallest thickness (45 nm). For all three samples the release
peak maximum is located at a different temperature, as labeled in the figure.
With different thickness, not only the height of the main peak increases but
also the temperature of the peak maximum shifts to a higher value by a few
ten Kelvin. Interesting is that the temperature of the peak maximum seems
to shift linearly to the higher value with the film thickness. The reason for
this thickness-dependent release behavior of N2 is still not clear.
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Figure 3.16: Thermal desorption of N2 from N-implanted W films in Denton device
with single or multi-implanted film surfaces. Details see the text.
Similarly, the N2 release spectra from N-implanted W-films with dif-
ferent number of layers are shown in Figure 3.16. Compared with the
sputter-deposited WNx layers, the counting rate here is roughly a factor
of 8 lower, which is reasonable since by N implantation the N-containing
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layer is much thinner. For all the samples, N starts to release at a tem-
perature of about 770 K. This starting temperature is about 60 K lower
than that of sputter-deposited WNx films (∼830 K), but is still within the
range of the decomposition temperatures of WN and W2N reported in the
literature [91]. Interestingly, there is no shoulder of N2 release before the
main release peak. All three samples show a main release peak at a temper-
ature of about 935 K: the sample with 3 N-implanted layers (circles) has a
slightly lower peak maximum temperature (920 K) and the 8-layers sample
(triangles) shows a slightly higher value (945 K). Taking into account the
experimental uncertainty, it can be said that the peak maximum temper-
ature is the same for the three samples. After the main peak, all the 3
spectra show additionally a small peak at 1090 K, which may corresponds
to a stable phase of tungsten nitride forming during N implantation (e.g.,
W2N [91]). The sample with 3 N-implanted layers has even an additional
peak located at 1140 K. Such a peak does not appear in the other 2 sam-
ples. The high temperature release peak at 1090 K was not observed in the
spectra of the sputter-deposited WNx films (see Figure 3.15). This indi-
cates a different bonding between N and W in N-implanted W surfaces and
sputter-deposited WNx films.
The N2 release spectra for both sets of samples were integrated over time
to calculate the total released N amount from the sample during TPD mea-
surements. The total amount from TPD measurements is then calculated
as the product of the integration and the calibration factor for N2. The
TPD determined N amount will be compared with that determined from
IBA in the following section.
3.4 Comparison of N Quantification
by RBS, NRA and TPD
After showing the characterization of N in W:N surfaces by different tech-
niques, this section will compare the results on the quantification for N from
different methods. Specifically, the TPD-determined N amount is compared
with that from RBS for the deposited WNx films and with that from NRA
for the N-implanted W films. XPS measurements are not included because
they don't deliver quantitative results fro the system (see Section 3.1.2.2).
Please keep in mind that, it is assumed no N is remaining in the layer after
TPD measurements.
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Figure 3.17: Determination of N amount in sputter-deposited WNx films with different
thickness measured by RBS with 3 MeV ion beam. The WNx layer was deposited onto
Si substrate with 2-µm-thick W film as interlayer.
The RBS spectra of WNx films with aforesaid 3 different thicknesses are
shown in Figure 3.17. Note that, a higher 4He+ projectile energy of 3.0 MeV
is used for these measurements. However, the shape of the RBS spectrum
and also the strategy of fitting the spectrum to determine N content are
the same as for the measurements with 1.5 MeV projectile energy. The
determination of the W:N ratio will not be repeated here, the reader is
referred to Section 3.1.2.1 (see Figure 3.3). As already determined there,
the W:N ratio in WNx deposited with W film as interlayer is 57:43.
The RBS spectra measured with 3.0 MeV 4He+ for N-implanted W films
are shown in Figure 3.18. The interfaces of the N-implanted W surface
and the fresh W layers turn out to be resolved by RBS, as pointed by
arrows in the figure. This means 10 min N implantation with 400 W RF
power (∼1285 V bias voltage) can implant quite some N into the 100 nm
W films. Although the N-containing layer can be 'seen' in the present
RBS spectra, the 'valleys' corresponding to the interfaces are only slightly
stronger than the noise level. This makes the simulation for the RBS spectra
of the 'thin' N-implanted layer not trustworthy for determination of the N
amount. Therefore, NRA measurements were used to measure the sample
exposed to only one N implantation. Note that, since the cross-section for
the 14N(4He,p)17O nuclear reaction is so sensitive with the projectile energy,
NRA measurements were not used for direct determination of N amount for
the multi-N implanted W films. It is assumed that the N-containing layer
in each interface is the same for all the 3 samples, so the N amounts in the
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Figure 3.18: RBS spectra of N-implanted W-film surfaces. The W-depleted 'valleys'
correspond to the N-implanted W surfaces. Details about the multi-N-implanted W-film
surface can be found in the text.
multi-N implanted W films are taken as the product of N amount in 1-times
N-implanted sample with the number of N implantations.
The total N amounts in the sputter-deposited WNx films measured by
TPD and RBS are plotted and compared in Figure 3.19. Also plotted
in the figure is the corrected TPD data (half-filled triangles) after taking
experimental uncertainty into account. Two evaluable errors are considered.
First of all, although the sample is cut into 10×10 mm2, the actual sample
size will inevitably have some deviation from the designed one. 10 percent
of the uncertainty is assumed for the area of each sample, which contributes
to the error bar of the data. Secondly, the contribution from the side surface
is considered. During deposition, films were deposited not only on the top
surface but also onto the 4 side faces. This deposition on the side faces
increases with the actual deposition area and thus the released N amount
during TPD measurements. The contribution from the side faces is set as
15 percent compared with the total surface area. Taking these factors into
account, the correction is done by dividing the experimental data with a
factor of 1.15, as plotted in the figure as TPD-corrected. Also shown in
the figure is the N amount in the sputter-deposited WNx layers by NRA
measurements with 4.8 MeV. In Section 3.2.1, a largest thickness of the W:N
layer (130 nm) is suggested for using the 14N(4He,p)17O nuclear reaction
to determine N amount due to the sensitivity of the cross-section of this
reaction on the projectile energy. The NRA-determined N amount for WNx
films with different thicknesses also confirms this suggestion.
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Figure 3.19: Comparison of the N amounts in sputter-deposited WNx films with
different thickness measured with 3 different methods: TPD, RBS & NRA. Taking into
account the deposition on the side face of the Si substrate (TPD_corrected), the IBA
results show within experimental uncertainty practically N amount as TPD.
As one can see in Figure 3.19, the N amount measured by NRA and RBS
agrees well with each other within the experimental uncertainty, especially
for samples with thicknesses less than 130 nm. For the largest thickness
(270 nm), however, the NRA-measured N amount is slightly larger than
the RBS-determined one. This is probably due to a higher cross-section at
lower projectile energy (energy loss due to a larger layer thickness). Com-
paring the IBA-determined N amount with that from TPD, one can see
that the N amounts determined by both NRA and RBS are in general lower
than TPD. However, after taking into account the area deviation from the
cutting processes (10% error bar) and also the deposition on the side faces
(15% contribution) into account, the TPD-corrected data shows within ex-
perimental uncertainty good agreement to that from IBA measurements.
The same comparison between TPD- and NRA-determined N amounts in
N-implanted W films is shown in Figure 3.20. By assuming the N-containing
layer is the same from each N implantation, the N amount in the two samples
experienced 3- and 8-times N implantation (down triangles) were calculated
based on the measured value from sample with only 1 N implantation (cir-
cle). Similarly as in Figure 3.19, after taking into account the area deviation
from cutting processes and also that contributed from the implantation into
side faces, both methods show reasonable agreement on the N amount de-
termination. Surprisingly, the N amount in the 8-times N-implanted W film
is lower from TPD measurements than NRA. This is normally not the case
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Figure 3.20: Comparison of N amount in N-implanted W films measured with different
methods: TPD and NRA. A good agreement of NRA- and TPD-determination of N
amount in N-implanted surfaces is shown.
for WNx films. One possibility is that after TPD measurements, there is
still some N remaining in the layers due to the multilayer structure. Un-
fortunately, this cannot be examined due to the delamination of the layers
from the sample after TPD measurements.
Based on all the comparisons above, it is reasonable to claim that for the
determination of N amount in N-implanted W surface and in relatively-thin
sputter-deposited WNx films, TPD shows good agreement with the results
from IBA measurements.
3.5 Chapter Summary
By applying different analysis techniques and cross-checking the character-
ization results, including XPS, RBS, NRA and TPD, W:N surfaces were
characterized in detail for both the sputtered WNx layers and N-implanted
W surfaces in this chapter.
For the sputter-deposited WNx films, results showed that the N concen-
tration increases with the increasing N2 flow ratio during deposition, but
the deposition rate decreases during this process. XPS measurements can-
not provide quantitative information on the N amount, even after taking
into account the preferential sputtering during Ar-sputter XPS depth pro-
filing, the such-determined W:N ratio is still quite different from that from
RBS. It was shown by RBS that the W:N ratio in the deposited layers is
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roughly 1:1 with N2 flow ratio of 50 %. The NRA-determined N amount
shows good agreements with the RBS data for N-implanted surface and
sputtered WNx layers with thicknesses less than 130 nm. For thicker layer,
NRA is not applicable due to the sensitive dependence of the cross-section
of 14N(4He,p)17O nuclear reaction on the projectile energy. By this, it is
concluded that the IBA-measured N amount is trustworthy for the present
N quantification in the present work.
Similar characterization and comparison on the results from NRA and
XPS were also performed for the N-implanted W surfaces. The thickness
evaluation of the N-containing layer in N-implanted W-film surface by Ar-
sputter XPS depth profiling (see final paragraph in Section 3.2.2) shows
good agreement with the TrimSP calculated data on the ion implantation
range at the here applied highest bias voltage[105, 104]. This agreement
clearly showed the fact that the diffusivity of N in W at temperatures below
600 K is negligible.
Finally, the IBA-measured N amounts were compared with that from
TPD measurements. A multi-layer structure was produced to enhance the
counting rate of the N-implanted W-film surface for a more reliable compar-
ision. The release peak from TPD measurements showed that the decom-
position of the sputter-deposited layer started at 830 K and 760 K for the
N-implanted W surfaces. Reasonable agreement on the N amount quantifi-
cation was found after taking into account the contribution for TPD from
the side face during deposition. All in all, the employed analysis techniques
were cross-checked and showed good agreement on both N amount deter-





Interaction of D Plasma with
Sputter-deposited WNx Films
Magnetron-sputtered tungsten nitride (WNx) films were used as a model
system to study the behavior of re-deposited WNx layers which could form
in fusion devices with tungsten (W) wall during nitrogen seeding. In this
chapter, the interaction of such WNx layers with deuterium (D) plasmas
is investigated in dedicated laboratory experiments. The characterization
of the WNx layer was described in Chapter 3, where the sputtered WNx
films deposited with 50% N2 gas flow ratio were selected. Specifically, D
retention and the N removal in such WNx layers after D implantation will
be addressed. Low-energy argon sputtering followed by ion beam analysis
(IBA) was developed to resolve the D distribution in the top-most surface
of WNx with significantly improved depth resolution compared with the
standard D depth profiling method by nuclear reaction analysis (NRA).
Experimentally determined thicknesses for the penetration of D in WNx
were compared with the penetration depth for D calculated in SDTrimSP
simulations. Finally, a discussion will be performed based on the under-
standing of both experimental and modeling results.
4.1 Annealing before D Implantation
Before performing D implantations into the sputter deposited WNx layers
at elevated temperature (600 K), it is advisable to check first the thermal
properties of WNx decomposition by TPD measurements, as shown in the
preceding chapter (see in Figure 3.15). From there it is known that the de-
composition of the present deposited layer starts at about 830 K. Therefore,
D implantation at 600 K was performed on deposited WNx layers for com-
parison with 300 K. Although no decomposition of the WNx layer happens
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at 600 K, an annealing-induced structural change is still possible during D
implantation at 600 K, which may exert an influence on the D retention
behavior in the following experiments. To test this issue, some WNx films
were annealed at 600 K for 2 hours after deposition. After annealing, both
TPD and XRD measurements were performed. It should be noted that, for
TPD measurements WNx layers with a reduced thickness of about 45 nm
were used and for XRD measurements an increased thickness of 2 µm on
top of W-coated Si substrates were employed. 2-µm-thick WNx layers were
used in the XRD measurements to suppress the strong background signal
from the underlying W films. All the WNx layers for these different exper-
iments were deposited applying the same deposition conditions. They are
therefore expected to have identical properties.
Figure 4.1: TPD spectra of WNx layers with thickness of about 30 nm: influence of the
pre-exposure annelaing at 600 K for 2 hours
TPD spectra of an as-deposited and a pre-annealed WNx layer are shown
in Figure 4.1. Decomposition of both as-deposited and annealed WNx layers
starts at around 830 K. The release spectra are composed of two release
peaks. The first one is a shoulder at lower temperature followed by the
main peak. The height of the shoulder is about 20 % of the main peak. The
peak positions for the as-deposited WNx layer are 925 and 960 K and for the
600-K-annealed WNx layer 940 and 970 K. The integral of the release peaks
over time for both layers, which is directly proportional to the total released
N2 amount (as stated in the figure), is identical within the experimental
uncertainty. The shift of the release spectrum of the pre-annealed layer to
higher temperatures is presently unexplained, but this is of no relevance
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for the present investigation. It might be explained by a transformation
to a slightly more stable phase during annealing. But, of relevance for the
present investigation is the fact that N2 release in both films start only at
temperatures of about 830 K which is obviously higher than the annealing
and the selected D-implantation temperatures which are both 600 K. In
addition, the fact that the peak integrals of the as-deposited and of the
annealed layers are identical clearly shows that during the 2 h annealing at
600 K no measurable loss of nitrogen from the layer occurs.
Figure 4.2: Comparison of the XRD pattern between WNx layers: as-deposited and
600-K-annealed
To check a possible micro-structure change of the WNx layer after an-
nealing at 600 K for 2 hours, 2-µm-thick WNx samples were after annealing
examined by XRD measurement together with an identical sample without
annealing. Figure 4.2 shows the XRD pattern of the as-deposited and 600-
K-annealed WNx layers. The very sharp peaks correspond to W from the
interlayer. Practically, the spectra of both as-deposited and 600-K annealed
sample are identical to each other, there is no obvious evidence pointing to
any phase transition. Zooming-in shows a very small decrease of the peak
width after annealing. There are several possible explanations for this small
shift, among which the stress relieve during the annealing is the most prob-
able one. The influence of such small shift will be discussed together with
the D retention in the following sections.
59
4.2. D Retention in WNx
4.2 D Retention in WNx Films after Plasma Exposure
D plasma exposures with fluences ranging from 1.0×1023 to 6.0×1024 D/m2
were performed for groups of samples at two different sample temperatures
(300 and 600 K). To separately study the influence of the annealing induced
changes on D retention, samples pre-annealed for 2 h at 600 K were exposed
to D plasma at 300 K. D implantations at 600 K were not performed for
pre-annealed samples, since a comparable annealing effect will occur during
heating to steady state temperature prior to starting the D plasma exposure.
In other words, D plasma exposures of WNx layers were performed for three
different cases: a) as-deposited layers exposed at 300 K, b) as-deposited
samples exposed at 600 K and c) 600 K pre-annealed layers exposed at
300 K. The sample temperatures are kept constant during D implantation
by thermostats circuits with ethanol cooling at 300 K and by radiative
heating at 600 K, respectively.
4.2.1 D Depth Profiling by IBA Combined with
Low-energy Ar Sputtering
4.2.1.1 Failure of Normal NRA Depth Profiling for D in WNx
As done for pure W samples after D plasma exposure, all the D-implanted
WNx samples were measured with
3He+ ion beams with 7 different projectile
energies for normal NRA depth profiling (see in Section 2.3.3.1). However, it
turned out that NRADC in this case cannot deconvolute the proton spectra
from NRA measurements on WNx films after D implantation. To inves-
tigate the difference between bulk W and WNx films in more detail, bulk
W samples and also WNx films were simultaneously exposed to D plasma
with a fluence of 1.0×1024 D/m2 and then analyzed by NRA with the same
3He+ ion beam (690 keV). The corresponding proton spectra are shown in
Figure 4.3. Also shown here is the spectrum from an about 10-nm thick
a-C:D layer. Obviously, the widths of the proton peaks are different for
these three samples. All the 3 proton peaks start at energy of 12.9 MeV.
For a-C:D layer and WNx films, the highest energy of the detected protons
is about 13.3 MeV; while the protons from bulk W samples have energy up
to 13.8 MeV. It is known that the initially generated protons from nuclear
reaction with 690 keV 3He+ projectiles exhibit an energy of 13.3 MeV.
Before explaining the different shape of the proton peaks, it is advis-
able to mention the following information. The protons produced in the
D(3He, p0)
4He nuclear reaction at a certain depth within the material ar-
rive at the detector with an energy depending on the initial proton energy
and on the energy loss during their traveling through the material to reach
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Figure 4.3: Proton spectra comparison among WNx films,a-C:D layer and bulk W
sample measured with the same ion beam
the detector. The initial energy of protons depends strongly on the 3He+
projectile energy. A lower projectile energy (above the threshold for the re-
action to occur) normally gives rise to a higher proton energy. For example,
with 690 keV 3He+ projectiles, if the nuclear reaction occurs exactly at the
surface, i.e., no additional energy loss for the generated protons arriving at
the detector, the detected proton should have the initial energy (13.3 MeV).
3He+ projectiles penetrating deeper into the sample loose energy such that
they have a lower energy if the nuclear reaction occurs deeper in the sam-
ple. But that means, that protons produced in larger depth (at lower 3He+
projectile energy) have a higher initial energy. Since the energy loss of the
produced protons with tens of MeV energy is lower than the gain in initial
energy due to the lower 3He+ energy at that depth, the detected protons
from D retained in the bulk normally show higher energy than those pro-
duced at the surface. As one can see in Figure 4.3, the proton spectrum
from the bulk W sample shows a high-energy tail, which points to the fact
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that some D is retained in the bulk W sample in much larger depth than
in the other two samples. From this comparison it is concluded that D is
retained in WNx films within a depth comparable to the thickness of the
reference a-C:D layer, i.e., within a depth of the order of 10 nm.
It is known that SIMNRA simulation [94] is based on the assumption of
Gaussian energy distribution for both particles impinging onto the target
or leaving the surface. For D retained in WNx, if all the D remains in the
top-most surface, the actual energy distribution of produced protons is not
Gaussian. However, SIMNRA still tries to fit the energy distribution with
Gaussian shape, which produces a deviation larger than NRADC can accept
during the deconvolution. In the end, NRADC is not able to be applied for
the D depth profiling in WNx films. For this reason, a new D depth profiling
method had to be developed for the present case. This is described in detail
in the following subsection.
4.2.1.2 D Distribution in WNx Films: Low-energy Ar-sputter IBA
Depth Profiling
Now, it is known from above that the D in WNx films is retained within a
depth of the order of 10 nm, which is actually well below the depth reso-
lution of normal NRA measurements. For the present NRA measurements,
the information depth and the highest resolution from proton signal are
∼ 680 nm and 110 nm for 500 keV projectile energy [94]. Even for the
alpha spectra, where the signal is much more sensitive than protons to the
surface D retention, the depth resolution at the surface (∼16 nm) is still
not enough for determining the D distribution in WNx.
Figure 4.4: Schematic of the Ar-sputter IBA D depth profiling
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In the present work, a consecutive low-energy argon sputtering followed
by RBS and NRA similar to, e.g., sputter depth profiling in XPS or SIMS
analyses, was developed to resolve the D distribution in the top-most surface
of WNx films. It should be noted that, with Ar-sputter depth profiling,
preferential sputtering is always an issue. For the present case with D
retaining in WNx matrix, the energy transfer from Ar ion to D atom is
more than a factor of 2 lower than that to W atoms (or N atoms) due to
the larger mass difference between Ar and D atoms. Furthermore, taking
into account that the D concentration is low (see the end of present section),
it is assumed that the preferential sputtering and recoil implantation of D
by impinging Ar ions are negligible in the present case.
A schematic representation of this technique is shown in Figure 4.4.
Namely, after D implantation, a very thin D-containing layer is formed at
the sample surface. The idea is to erode the D-containing layer by Ar
plasma step by step. After each step of Ar-sputtering, RBS and NRA
measurements are performed. From RBS measurements, the areal density
of the remaining WNx layer can be extracted. And NRA measurements
provides the remaining D amount. Based on this, one can easily calculate
how much D is retained in the removed WNx layer. Finally, the D depth
profile within a few tens of nanometers can be resolved with a significantly
improved depth resolution compared with standard NRA depth profiling
[30, 95].
Low-energy Ar plasma sputtering was performed in PlaQ for samples
exposed to a D fluence of 1.0×1024 D/m2 from the aforesaid three groups of
WNx samples. The Ar pressure was 0.25 Pa and the applied DC bias voltage
is the same as for D implantation (-200 V). For each Ar sputtering step,
15-min plasma burn-in (with shutter closed, see Chapter 2) was performed
to desorb impurities from the chamber wall. Before applying the DC bias,
all samples were exposed to Ar plasma at floating potential (3 V) for 10
min to gently remove adsorbed impurities from the surface. To reduce the
possible D loss by heating during sputtering, the sample temperature was
kept at 230 K using the ethanol cooling circuit.
In principle, the sample should be analyzed by IBA after each Ar sput-
tering step for the determination of how much WNx was removed and how
much D was remaining in the sample. However, to ensure a thorough com-
parison of the deuterium retention and a detailed reconstruction of the D
depth profiles, it would be better if surfaces with different Ar sputtering
durations can be measured by the same ion beam, since the beam quali-
ties for IBA measurements may change slightly from day to day. For this
consideration, different Ar sputtering steps on different sections of an iden-
tical WNx sample were performed by partially covering the sample surface
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with a W foil while keeping other parts exposed to Ar plasma. It should
be noted that, by this strategy the chamber had to be opened after each
Ar sputtering step for changing the position of the tungsten-foil cover for
exposing different sections of the sample surface to Ar plasma. The opening
of the chamber will inevitably increase the impurities due to the exposure
to air, this is also the reason why for each Ar-sputtering step 15-min Ar
plasma burn-in and 10-min plasma exposure with floating potential were
performed.
For example, to produce four sectors on one sample with Ar exposure
times of 5, 10, 20 and 25 min, one half of a D-implanted sample was first
covered with the tungsten foil. The uncovered half was then exposed to Ar
plasma for 15 min. For the second Ar plasma exposure the foil was rotated
by 90◦ thus covering the perpendicular half of the sample. That means
one quarter of the sample that was previously covered and another quarter
that was previously sputtered for 15 min were exposed in the second, 5 min
long Ar plasma exposure thus producing areas that in total experienced Ar
sputtering for 5 and 20 min. In the final step this sample was exposed to Ar
plasma without W-foil cover for additional 5 min such that this sample had
four different quarters which were exposed to Ar plasma for 5, 10, 20 and
25 min. Another identical sample was exposed similarly as the first sample,
but with 15 min intervals thus producing a samples with 0, 15, 30, and
45 min Ar plasma exposure. Finally, 8 areas with different Ar sputtering
durations were produced on 2 identical samples, namely 7 areas from 0
to 30 min with 5 min sputtering intervals and additionally one area with
45 min Ar sputtering.
After low-energy Ar sputtering for different durations, these different sec-
tions of the sample surfaces were further characterized by NRA and RBS
for the remaining D amount and erosion of the WNx layer, respectively.
Combining the experimental results from RBS and NRA, the depth dis-
tributions of D in the top-most surface of the samples were reconstructed
with a resolution of about 3 nm which is more than 5 times better than the
resolution obtained by analyzing the alpha signal.
Figure 4.5 shows the RBS spectra (measured with 1.5 MeV 4He+) of
WNx after different Ar-sputtering durations and, as a dashed line, the RBS
spectrum of a W film without WNx coating. Similar as that in Figure 3.3,
the region containing information about the WNx layers is enlarged as the
inset in Figure 4.5a. The following three sub-figures (Figure 4.5b-d) show
only the enlarged area rather than the full RBS spectra. One can find the
details for the determination of W:N ratio in Section 3.1.2.1 (see Figure 3.3).
As anticipated, the area without Ar sputtering shows always the thickest
WNx layer. With increasing sputtering time the pure W edge shifts to higher
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Figure 4.5: RBS spectra of magnetron-sputtered WNx films (deposited on Si substrates
pre-coated with a 2 µm thick W film) after D plasma exposure at 300 and 600 K and after
different Ar sputtering times (sputtering times are indicated in the figure): a) full RBS
spectrum of an as-deposited sample exposed to D plasma at 300 K; b) enlarged view of
the informational part (as indicated by the dashed box in (a)) from as-deposited samples
exposed at 300 K; c) as-deposited samples exposed at 600 K; d) samples annealed for 2 h
at 600 K and exposed at 300 K. In all subfigures symbols represent experimental data
and solid lines SIMNRA simulation results (for details see text).
backscattering energies indicating the decrease of the thickness of the WNx
layer. It should be noted that for clarity, only selected RBS spectra are
shown in Figs. 4.5b-d, because a 5-min Ar sputtering step removes only
a very small amount of WNx. For one sample shown in Figure 4.5c, the
RBS spectrum is from an area with 180-min Ar sputtering, which shows
the lowest thickness of the remaining WNx layer. The amount of sputtered
WNx was determined by fitting the RBS spectra with SIMNRA based on
the assumption that there was no preferential sputtering.
Based on the atomic density (about 7.4×1028 atoms/m3) determined
in Chapter 3 (see Section 3.1.2.1), the removed layer thicknesses by each
sputtering step can be calculated from the RBS data. The RBS spectra in
Figures 4.5b&d look very similar to each other, which indicates that the pre-
annealing had little influence on the sputtering yield of these WNx films.
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Each 5-min Ar sputtering interval removes about 2.7 nm WNx layer for
both 300-K-exposed samples. However, for the samples exposed at 600 K
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Figure 4.6: NRA proton peaks of samples from Figure 4.5
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Figure 4.6 shows the proton spectra from the D(3He, p0)
4He nuclear
reaction with a 500 keV 3He+ ion beam after different Ar sputtering du-
rations. The proton yields, corresponding to the D amount remaining in
the WNx layer, should in general decrease with increasing Ar sputtering
time. However, the 5-min-Ar sputtered area of the pre-annealed sample
(Figure 4.6b) shows surprisingly larger a proton peak than that from area
without Ar sputtering. The reason for this deviation is unclear. Most prob-
ably it is due to an experimental out-lier because the proton peak integral
of the pre-annealed sample is also lower than for the as-deposited sample
while all other proton spectra for these two samples agree. In any case, all
other data points show the expected decreasing behavior. Although this
ambiguity is unsatisfactory it has no influence on the further evaluation of
the data.
Actually, the α spectra from the NRA measurements showed practically
the same behavior as the proton spectra shown in Figure 4.6. However, the
count rates for the α spectra are much lower compared with proton spectra.
Therefore, only the proton spectra are shown here.
For both as-deposited (Figure 4.6a) and pre-annealed (Figure 4.6b) sam-
ples exposed to D plasma at 300 K it is shown that 25 min Ar plasma
sputtering is sufficient to almost completely remove the D-containing layer
(indicated by the disappearance of the proton signal). The samples exposed
at 600 K differs in two regards: Firstly, the proton signal is only about half
of that as for 300 K exposure and, second, it takes much longer to remove
the D-containing layer. It turned out that the proton peak disappeared only
after 210 min Ar sputtering. This clearly shows that D can diffuse much
deeper in WNx at 600 K than at 300 K during plasma exposure to the
same fluence. According to the thickness calculation discussed above, after
25 min Ar sputtering of the 300 K exposed sample about 20 nm WNx is
removed and 180 min sputtering of the 600 K exposed sample corresponds
to ∼90 nm. The D-containing layers in both cases are much smaller than
the information depth of the proton signals (∼680 nm), which ensures that
all the proton signals show the complete amount of D remaining in the sam-
ples. The disappearance of the proton peak after a certain duration of Ar
sputtering means that for the here used D fluence of 1.0× 1024 D/m2 all D
was retained in WNx within 20 nm for 300 K exposed samples and 110 nm
for samples exposed at 600 K.
Based on the cross-section data experimentally measured by Alimov [93],
the amount of retained D in the remaining WNx layers after each Ar sputter-
ing step are calculated. The total D amounts determined from the proton
signals are shown in Figure 4.7 as a function of the removed WNx layer
thickness. The removed amount of WNx layer is shown in units of atom
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Figure 4.7: The remaining amount of D in the WNx layer as a function of Ar sputtering
time.
areal density (1×1019 atoms/m2) in the bottom x-scale and in 'nm' in the
top x-scale of Figure 4.7. The thickness scale is only indicative and was
calculated using the determined atom density. The total D amounts re-
maining in the WNx layers exposed at 300 K decreases very fast with Ar
sputtering time. For exposure at 300 K all D in the sample was retained
in this 20-nm-thick WN layer. The non-linear decrease is most probably
a consequence of an inhomogeneous D depth distribution. For the sample
exposed at 600 K, the initially retained D amount before Ar sputtering is
half of that at 300 K and the decreases with increasing Ar sputtering time
is significantly slower than that at 300 K.
On the basis of the D amount remaining after sputtering as presented in
Figure 4.7 and the removed WNx layer measured by RBS (Figure 4.5) the D
depth profiles in the WNx layer can be determined. Thereby it is assumed
that D is distributed uniformly within the removed WNx layer from each
sputtering step. The resulting D depth profiles of as-deposited samples
exposed at 300 K and 600 K are shown in Figure 4.8. The depth profile
for the pre-annealed sample is not plotted, because it is almost identical to
that of the as-deposited sample.
As one can see in Figure 4.8, at 300 K, the D in the WNx layer first
increases with increasing depth, reaches its peak concentration of about
14 at.% at a depth of about 5 nm and then drops quickly to 1 at.% at
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Figure 4.8: D depth profile in WNx layer acquired by IBA combined post-D-exposure
low-energy Ar spurttering.
16 nm. For larger depth, the D concentration is below 1 at.% and no D is
detected remaining beyond a depth of 20 nm. For D implantation at 600 K,
the peak concentration is only about 3 at.% in a depth up to 14 nm, which
is a factor of 5 lower than that of 300-K-implanted samples. However, the
D concentration remains at a level of a few atomic percent up to depth of
60 nm. For larger depth, the D concentration further decreases and no D is
detected beyond a depth of 110 nm.
4.2.1.3 SDTrimSP Simulation on D Implantation into WNx
SDTrimSP simulations [106, 107, 108] of D implantation were performed
to interpret the present experimental results. The same W:N ratio as de-
termined by RBS for our deposited layers was set as target matrix in the
simulation. In total 109 projectiles were simulated, the cutoff energy of the
projectiles was set to 2 eV and the target was discretized into layers with
0.4 nm thickness. The simulations were performed for normal impact angle
and an energy distribution corresponding to a D flux consisting predomi-
nantly from D+3 ions (94%) and minority contributions of D
+ (3%) and D+2
ions (3%). The molecular ions are treated as individual deuterons impinging
with the same velocity. For example, a D+3 ion with energy of 215 eV, as in
the present case, will be treated as three impinging deuterons with energy
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Figure 4.9: SDTrimSP simulation on the deposited D distribution in WNx layer with the
same flux contribution as in PlaQ. Note that, the implantation profile is not equivalent
with the final D distribution of retained D.
of 72 eV and a D+2 corresponds to two deuterons with energy of 108 eV.
The simulated D implantation depth distributions for the fixed ion energy
of 215 eV resulting in three different energies per deuteron as just explained
are plotted in Figure 4.9. The simulations were performed in static mode,
that means the possible retention of D in the matrix as well as preferential
erosion of N from the matrix were not taken into account, or with other
words each D impinged on the pure, D-free W:N matrix.
Before interpreting the simulation results it is advisable to recall what
SDTrimSP can simulate and what not. TRIM and related simulation tools
describe the transport of energetic ions in matter on the basis of the binary
collision approximation. The results presented in Figure 4.9 describe how
far an energetic particle penetrates into the matrix material before its ki-
netic energy drops below 2 eV. The quality of SDTrimSP results depends
on input parameters and the kinetic energy which should be above 50 eV.
SDTrimSP cannot describe what happens with the particle after it has lost
its kinetic energy. In particular, it cannot describe the possible diffusion of
a thermalized species. That means Figure 4.9 shows the penetration proba-
bility distribution (range distribution) of the D species mix according to the
species composition of 'PlaQ' plasma impinging on a WNx layer. Normally,
diffusion and chemical effects become more important at higher temper-
ature, so SDTrimSP is recommended to be applied for low temperature
simulation.
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The deuterons impinging in form of D+3 ions are shown by the diamonds
in Figure 4.9. Since their contribution to the total flux is highest the prob-
ability to find them in the layer is also largest. But with the lowest energy
per deuteron, their penetration depth is also smallest. The deuterons im-
pinging in form of D+3 ions (circles) have a somewhat higher energy and a
much lower intensity. Due to the slightly higher energy than the deuterons
impinging in form of D+3 they penetrate slightly deeper. Finally, deuterons
impinging as atomic ions (triangles) have an even lower probability but a
significantly higher penetration depth. If one takes quite arbitrarily a level
of 10−8 in Figure 4.9 as cutoff the penetration depths for the three differ-
ent ion species are about 12, 13 and 19 nm, respectively. In addition to
penetration SDTrimSP also yields the reflection coefficient. The reflection
coefficients for the three different energies per deuteron considered here72,
108, and 215 eV per Dare 0.49, 0.47, and 0.45, respectively. That means
that about 50 % of the impinging deuterons do not enter the layer but are
kinetically reflected from the sample surface. It is interesting to note that
the corresponding reflection yields for a pure W surface are 0.67, 0.65 and
0.62, respectively. That means the presence of N in the surface reduces the
reflection yield.
Comparing the D implantation ranges estimated from Figure 4.9 with
the experimentally determined D depth distribution for D implantation at
300 K (Figure 4.8) one finds that the thickness of the D-containing layer
(about 20 nm) can be solely explained by implantation. It agrees very well
with the penetration range of the D species with the highest energy per D
stemming from the small fraction of atomic D ions which impinge with the
maximum energy of 215 eV. At 600 K, the measured D-containing layer
is much thicker (∼110 nm) than the calculated implantation ranges. This
is attributed to the diffusion of implanted deuterons. Therefore, it can be
concluded that at 300 K D implanted into WNx remains in the implantation
zone and does not diffuse into larger depth, while at 600 K D will after
thermalization diffuse. Obviously, the onset temperature for D diffusion in
WNx lies between 300 and 600 K.
Even though diffusion plays obviously a role on the final D depth distri-
bution at 600 K, it should be emphasized that for the chosen experimental
conditions all the retained D is found within the deposited 135 nm thick
WNx layer and does not reach the underlying W film, as indicated in Fig-
ure 4.8 by the WNx/W interface. For comparable implantation conditions
in bulk, polycrystalline W D would penetrate much deeper and reach depths
of several micrometers. A direct comparison with D retention in bulk W
is difficult, because the latter is strongly dependent on the experimental
parameters [25]. For higher implantation energy (200 eV/D) but compara-
ble exposure temperature (573 K) D penetrates more than 6 µm [25]. On
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the other hand, even at lower implantation energy (38 eV/D) and lower
exposure temperature (300 K) D penetrates more than 6 µm [29]. But in
both cases the measured D concentrations are significantly lower than in the
WNx films investigated here. It is further interesting to note that D reten-
tion in magnetron sputtered films shows a different behavior than in bulk
W. A homogeneous filling of magnetron sputtered W films with thicknesses
up to 12 µm was reported by Wang et al. (exposure conditions: 38 eV/D,
370 K, D fluence 6.0×1024 D/m2) [75, 77]. From the comparison of the here
measured penetration depth with these literature values one can conclude
that the diffusivity of D in the sputtered WNx layer is significantly lower
than that in bulk or magnetron-sputtered pure W.
4.2.2 Total Amount of Retained D Determined by NRA
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Figure 4.10: Total amount of retained D in the three sets of samples: fluence dependence.
A saturation fluence is found as 1.0×1024 D/m2. Negligible fluence dependence was found
for WNx at 600 K
In addition to the implanted D fluence of 1.0×1024 D/m2 presented above
a D fluence scan was conducted for the three different sample batches. Fig-
ure 4.10 shows the total amount of retained D for the three different inves-
tigated cases as deduced from the proton counts as described before for a
D fluence range between 1.0×1023 D/m2 and 6.0×1024 D/m2. For any in-
vestigated D fluence the D amount in as-deposited WNx exposed at 300 K
is always the highest. The pre-annealed samples show a very similar but
slightly (10 to 15 %) lower D retention. Samples exposed at 600 K retain
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only about half of the amount as the 300-K-exposed samples. At 300 K even
for the lowest investigated fluence of 1.0×1023 D/m2 the retained D amount
corresponds already to 75 % of the retained D amount measured for the
10-times higher fluence. For fluences higher than 1.0×1024 D/m2 the trend
is not very clear. The as-deposited sample shows a slight further increase by
about 10 %, while the D content in the pre-annealed sample is practically
constant in this range. Surprisingly, at low D fluence (5.0×1023 D/m2), the
total retained D amounts from both sets of 300-K-implanted samples first
decrease slightly and only then increase with D fluence. Although not easy
to understand, this behavior turned out to be reproducible in additional
independent experiments. A possible reason for this will be discussed later.
The sample exposed at 600 K shows only negligible fluence dependence.
The D amount increases by less than 10 % over the whole investigated flu-
ence range. One point worthy to mention is the fraction of the retained D
amount compared with the impinging D fluence. Presently, for all 3 sets of
samples up to the highest impinging D fluence (6.0×1024 D/m2), the total
retained amount is below 2.5×1020 D/m2. The fraction of retained D nor-
malized to the incoming D fluence at this highest fluence is roughly 4×10−4
at 300 K and 2×10−4 at 600 K. Even at the lowest fluence (1.0×1023 D/m2),
the retained fraction is still below 2×10−3 at 300 K and roughly 1×10−3 at
600 K. The retained fractions are even a factor of 10 respectively 100 lower
than the contribution from the minority ion species D+ which contributes
1 % to the total impinging D flux. In this respect it should also be kept in
mind that, as discussed above, about 50 % of the impinging deuterons do
not enter the film, but are reflected directly at the surface.
4.2.3 D Release from WNx: TPD
Samples exposed to the highest D fluence of 6.0×1024 D/m2 were investi-
gated with TPD measurements. The TPD spectra of D released in form of
D2 (signal mass channel 4) and HD (signal mass channel 3) are shown in
Figure 4.11a and b, respectively. As one can see in the figure, the release
of both D2 and HD from the samples exposed to D plasma at 300 K sets
in at T ≈ 370 K. In all these cases the release spectrum is composed of 2
release peaks located at about 440 and 520 K. For both species the second
peak is lower for the TPD spectrum of the pre-annealed sample. For the
sample exposed at 600 K, D2 release sets in at roughly 500 K and peaks
at ∼650 K. It is interesting to note that the starting temperature is lower
than the implantation temperature. This is normally not the case for D
implantation into pure W [30, 75], where the D release only starts at a tem-
perature very close to the implantation temperature. The N2 release from
these D-exposed WNx layers was also measured, but it is not plotted in Fig-
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Figure 4.11: D release spectra from WNx samples after exposure with D fluence of
6.0×1024 D/m2. The peak temperatures of the release spectra are indicated in the
figure.
ure 4.11 because of its 2 orders of magnitude higher release rate compared
with the D2 release. Similarly as the WNx films in Figure 4.1, N2 release in
WNx after D implantation starts only at T >830 K when release of D2 and
HD has almost ceased. The released N amount determined from the anal-
ysis of the N2 release peak at 28 amu/q for each of the three samples after
D implantation is determined (about 4.7×1021N/m2) and compared with
that prior to D implantation. Unfortunately, the TPD spectrum prior to D
implantation was measured using a sample from a different WNx deposition
batch than the TPD spectrum of the sample after D implantation, such that
small differences in the N concentration or WNx layer thickness could lead
to small differences in the total N amount. Due to this uncertainty it is not
able to make a quantitative comparison. Nevertheless, from the analysis of
the N2 release spectrum it can be stated that the amount of N released in
form of N2 is comparable to the N amount measured by RBS.
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Methods/Samples as-dep, 300 K as-dep, 600 K pre-ann, 300 K
NRA (1×1019 D/m2) 24.5 11.2 21.7
TPD (1×1019 D/m2) 4.3 2.1 3.7
TPD/NRA 0.175 0.188 0.171
Table 4.1: Comparison of the retained D amount measured by NRA and the
released D amount determined by TPD in WNx samples exposed to a D fluence
of 6.0×1024 D/m2.
The total D amount released in form of hydrogen molecules (i.e., as D2
and HD) was determined from the TPD spectra (for calibration see Section
2.3.5) and is listed in Table 4.1. Surprisingly, in each of the three WNx
samples the amount of D released as molecular hydrogen is roughly a factor
of 5 lower than the total retained amount of D measured by NRA. The ratio
between TPD and NRA is about 18% and it is almost the same for all the
three samples.
Before trying to explain the large difference between the TPD- and NRA-
determined D amounts in Table 4.1, it is worth to mention the following
information. For pure W samples, NRA depth profiling is normally per-
formed with several different projectile energies up to 4.5 MeV [75, 95] such
that the D retention up to a depth of ∼8 µm can be determined. It has
been demonstrated that the retained D amount measured by NRA and the
released D amount by TPD in magnetron-sputtered W films with thick-
ness smaller than this probing depth are in good agreement with each other
[75]. For pure W samples with D retained beyond the NRA probing depth,
TPD measurements show always a larger amount of released D than the
retained D amount by NRA. However, if there are additional loss channels
for D retained in the sample that cannot be included in the final D amount
calculation from TPD measurements, the NRA-measured amount may also
exceed that of TPD. In the experiments described here, the thickness of the
D-containing layer in the WNx films is much smaller than the information
depth of the applied NRA measurement. This means NRA measures here
the total retained D amount in WNx. The much lower TPD-measured D
amount clearly points to the fact that D is released in form of other gas
species than 3 amu/q (HD) and 4 amu/q (D2).
Although deuterated ammonia isotopologues, such as NH2D (18), NHD2
(19) and ND3 (20), cannot be quantified in TPD measurements (see Chap-
ter 2.3.5), it is still interesting to compare the release spectra on the corre-
sponding mass channels from the three different D-implanted samples with
a not-implanted sample for qualitative understanding, as plotted in Fig-
ure 4.12. Significant release peaks on mass channels 18, 19, and 20 amu
were found in the same temperature range where the HD and D2 release
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Figure 4.12: Comparison of the TPD spectra of different mass channels between WNx
samples exposed to a D fluence of 6.0×1024 D/m2 (-200 V bias, 300/600 K) and an
unexposed WNx sample: (a) 4 amu/q; (b) 18 amu/q; (c) 19 amu/q and (d) 20 amu/q.
No signal of D or deuterated ammonia is found in the unexposed WNx sample.
occurs. For these 3 mass channels no corresponding release peak is found
from the WNx sample that was not implanted with D. From this comparison
it is concluded that a certain amount of D from the D-implanted samples
is released in form of deuterated ammonia and water. Unfortunately, these
mass channels cannot be calibrated as discussed in Section 2.3.5. Neverthe-
less, from the experimental findings that only about 18 % of the retained D
is released as molecular hydrogen and that release of deuterated ammonia
and water isotopologues is clearly proven by TPD (see Table 4.1), conclu-
sions can be drawn that a significant amountof the order of 80 %of the
retained D is released as deuterated ammonia and water. The apparent
contradiction to the finding that no significant amount of N is converted
to ammonia is due to the facts that, firstly, the total amount of N in the
WNx layer is about a factor of 23 higher than the D amount (D amount
≈ 2×1020 D/m2 see Figure 4.10), secondly, that some D might be released
as water and, thirdly, that for the formation of ammonia three hydrogen
atoms are required.
It should be stressed that the ammonia formation discussed here is after
D implantation rather than during D implantation. The responsible mech-
anism should be very different from the latter. From the fact that the ratio
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between the TPD- and NRA-measured D is the same for the examined 3
samples, D present in WNx responsible for the ammonia formation during
TPD tempering seems to be independent on the loading conditions. Unfor-
tunately, no more conclusions can be drawn based on the present dataset.
4.3 Erosion of WNx by Deuterium Plasma
4.3.1 Erosion of WNx by D Plasma
The erosion of the WNx layer after D implantation was determined by RBS
with 1.5 MeV 4He+ ion beam. Before discussing the experimental results
the following comment will be made. The applied substrate bias in the
present experiments (-200 V) is not high enough that the dominant D ion
species (D+3 ) and also minor species D
+
2 can sputter W. Only the minority
species D+ exhibits an energy that is just above the threshold required to
sputter W. The total amount of W sputtered by the atomic D ions would be
too low to be detectable by RBS due to its low contribution in the particle
fluxes. Applying the sputter yield for 215 eV D on W of 2.3×10−5 W/D
published by Eckstein [105] yields the sputtered tungsten amount for the
highest investigated D fluence (6.0×1024 D/m2) of 1.4×1018 W/m2. This
is still less than one monolayer. It should, however, be kept in mind that,
although D can under these conditions not sputter pure W it has sufficient
energy to sputter N. Because the D species cannot explain the measured
W erosion, the sputtering of W from the WNx layers during the D plasma
exposure is attributed to impurity ions contained in the plasma [78].
The shift of the W/WNx edges at about 1220 keV backscatter energy
in the RBS spectra is hardly detectable if the D fluence is lower than
1.0×1024 D/m2. This is the reason why only some selected RBS spectra
are shown in each sub-figure of Figure 4.13. In sub-figures a-c an obvious
shift of the WNx edge to higher energy is visible after exposure to a D flu-
ence of 6.0×1024 D/m2. The largest shift is found in Figure 4.13b for the
pre-annealed samples implanted at 300 K. In this case about 16 nm of WNx
were removed during D loading. At 600 K D implantation temperature only
about 9 nm WNx were eroded after the same fluence.
A detailed comparison of the three sets of RBS spectra shows also a
slightly different erosion behavior of WNx at the two investigated temper-
atures. For the samples exposed at 600 K (Figure 4.13c) the W counts
directly at the surface (i.e., at ∼ 1370 keV backscattering energy; area
marked by the rectangles) show a slight increase as the D fluence increases.
A corresponding increase is not found for the samples exposed at 300 K
(Figures 4.13a&b). To explain this increase of the count rate, SIMNRA
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Figure 4.13: RBS spectra of magnetron-sputtered WNx films deposited on 2-µm-W-film-
coated-Si substrates after D plasma exposure with different D fluences: a) as-deposited
samples exposed at 300 K; b) pre-exposure-annealed samples exposed at 300 K; c) as-
deposited samples exposed at 600 K; d) simulated W enrichment with different thick-
nesses of W layer on top of a WNx sample.
simulations were performed, where a thin pure W layer with different thick-
ness was added on top of the WNx layer. The simulated RBS spectra are
shown in Figure 4.13d. The simulations are performed such that the total
W amount in the whole layer system is kept constant. Nitrogen is removed
from a surface layer with increasing thickness. The W from the removed
W:N layer is condensed into a pure W layer with the identical total W
amount. Figure 4.13d illustrates how RBS spectra should evolve if W en-
richment (or N depletion) at the surface increases. Comparing Figures 4.13c
and d suggests that the observed increase in count rate at the surface can
be explained by W enrichment at WNx surfaces exposed to D plasma at
600 K. The W enrichment required to explain the observed changes in the
spectra is, however, relatively substantial. It amounts to approximately
3×1020 W/m2 which corresponds to roughly 30 monolayers of pure tung-
sten. For the 300-K exposed WNx surfaces (Figures 4.13a and b), a possible
W enrichment is not detectable with RBS. Obviously, at 300 K exposure
the W enrichment at the surface is less pronounced than at 600 K such that
it cannot be resolved by RBS.
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4.3.2 W Enrichment
As just discussed, analysis of the RBS spectra of WNx surfaces after D
implantation suggests a slight enrichment of W at sample surfaces after
exposures at 600 K, while at 300 K, no W enrichment is detectable by RBS.
To further investigate this issue, WNx samples were before and after D
implantation analyzed by XPS sputter depth profiling. The investigated D-
implanted sample was previously exposed to a D fluence of 5×1023 D/m2 at
300 and 600 K. As described in Chapter 2, the analysis in the present work
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Figure 4.14: XPS spectra of WNx surface before and after exposure to D plasma to a
fluence of 5×1023 D/m2. (a) W 4f doublet, (b) N 1s peak. Due to the D plasma exposure,
the two W 4f peaks shift to the direction of metallic W 4f. In addition, the N 1s peak
intensity decreases significantly.
focuses on the N 1s peak at ∼ 397 eV and the most intense peak of metallic
tungsten, W 4f7/2 at∼ 31 eV. The XPS spectra in the binding energy ranges
of these two peaks are shown in Figure 4.14. As one can see in Figure 4.14a,
79
4.3. WNx Erosion by D
without D implantation, the here investigated W 4f7/2 peak of the as-
deposited layer (squares) is located at 32.4 eV. After D implantation at
either temperature, it shifts to lower binding energy (31.4 eV) with roughly
50 % higher intensity at 300 K and even higher intensity at 600 K. According
to the published peak positions (see Chapter 3.1.2.2) the latter peak position
is the W 4f7/2 peak position of metallic W. Similarly, Figure 4.14b shows
the change of the N 1s peak after D implantation: the integral of the counts
from the N 1s peak decreases by more than 50 % at 300 K and is negligible
at 600 K. The binding energy at 300 K shifts by only 0.2 eV from 397.4 eV
to 397.6 eV with respect to unexposed WNx sample. Both, the higher
W 4f peaks intensity and the lower N 1s intensity point to a higher W
concentration in the surface after D implantation at both temperatures.
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Figure 4.15: Ar-sputter XPS depth profiles of unexposed WNx and WNx after exposure
to D plasma to a fluence of 5×1023 D/m2 at 300 and 600 K.
Although not being resolved in RBS spectra, XPS measurements on
sample surfaces exposed to D plasma at 300 K also showed W enrichment.
Hence XPS sputter depth profiling was performed on both surfaces exposed
to D plasma to a fluence of 5×1023 D/m2 at 300 and 600 K. An unexposed
WNx sample was also measured for comparison. The measured depth pro-
files are shown in Figure 4.15 as a function of Ar fluence. Plotted in this
figure are only the W and N fractions (normalized such that W + N =
100 %). In the measurement traces of impurities (in particular at the very
surface) were also found, but these impurities are not considered to be rel-
evant for the further interpretation of the W:N ratio and for sake of clarity
they are, therefore, not shown in the figure. The first 2 data points of
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each depth profile are taken prior to Ar sputtering. They are influenced
by the presence of surface adsorbents. Therefore, the W:N ratio of these
data points can be influenced by adsorbed nitrogen. The detected impuri-
ties are shortly discussed further below. No particular effort was made to
reach a reliable quantitative interpretation of the XPS data. Due to im-
purity adsorption during transport through air and preferential sputtering
effects the quantitative interpretation of XPS depth profiles of such WNx
layers is inherently difficult. Nevertheless, a qualitative interpretation of
the XPS sputter depth profiles, i.e., the relative differences between the dif-
ferent samples, is possible. And the basic question to be answered with the
XPS depth profiles here is whether or not there is a different W enrichment
at the sample surface after D exposure at 300 and 600 K.
The as-deposited (i.e., unexposed) sample shows initially a slight increase
of the W and a corresponding decrease of the N fraction. This transient
change in surface composition is assumed to be due to preferential sputtering
of N during Ar sputter depth profiling. It seems that after about half
of the measurement the surface concentrations reach a steady state value
with a W:N ratio of about 75:25. Surprisingly, the initial W:N ratio of
about 65:35 is significantly higher than the W:N ratio determined by RBS
(56:44, see Section 3.1.2.1). The reason for that is not fully clear, but it is
attributed to uncertainties in the evaluation of the XPS data. The fact that
the steady-state W:N ratio of about 75:25 differs from the initial value is
attributed to preferential sputtering. During sputtering with Ar, nitrogen
is preferentially eroded from the surface such that the W fraction within
the XPS information depth (about 3 to 5 nm) is increased.
The sample exposed to D plasma at 300 K shows a significantly higher
W surface concentration than the unexposed sample. This is in agreement
with the anticipated removal of N from the surface due to D implantation
(see also in Figure 4.14). After an Ar fluence of about 2 to 3×1019 Ar/m2 the
W:N ratio approaches the values measured for the unexposed sample. The
remaining difference between the unexposed and 300-K-exposed samples is
attributed to uncertainties in the XPS evaluation. The sample exposed to
D plasma at 600 K has a much higher W surface concentration and this
higher W concentration extends to a much larger depth than for the 300-K
case. The N content close to the surface is almost zero and it starts to
increase for Ar fluences larger than about 4×1019 Ar/m2. The required
Ar fluence to reach a quasi-steady-state is about 10×1019 Ar/m2. This is
about 3 times more than for the 300-K-exposed sample. Towards the end
of the measurement all 3 samples seem to approach a common steady-state
value. This behavior is anticipated because after removal of the surface layer
modified by the D plasma exposure the underlying WNx layers are more or
less identical. In spite of the remaining uncertainties in the absolute W:N
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ratios it can still be stated that from XPS sputter depth profiling a clear
W enrichment at the surface was found and that the thickness of this W-
enriched layer is about a factor 3 larger for the sample exposed at 600 K as
compared with the sample exposed at 300 K.
The total sputter crater depth after argon sputtering was not measured,
but assuming that the rate determining step is sputtering of W by Ar the
removed W amount can be estimated. The sputter yield for 10 keV Ar on W
is about 2.3 [106]. That means that after the longest applied Ar fluence of
1.5×1020 Ar/m2 about 3.4×1020 W/m2 were removed. This corresponds to
the W amount in an approximately 8.5 nm thick layer of our WNx film (for
comparison: the thickness of a corresponding bulk tungsten layer would
be 5.4 nm). Taking this value as a rough estimate for the sputter depth
scale, the following numbers are reached. The depth to reach a steady-
state value of the W:N ratio in the unexposed sample due to preferential
sputtering of N by Ar is about 4.0 nm. The found W enrichment for the
300-K-exposed sample corresponds to about 1.5 to 2.0 nm and for the 600-K-
exposed sample 5.0 to 6.0 nm. This observation is in qualitative agreement
with the RBS results presented in the preceding section (see Figure 4.13)
which also indicated a stronger W enrichment for the sample exposed to
D at 600 K. The reason for this stronger N removal at 600 K is presently
not known. A possible explanation is that the removal of N by D is more
efficient at higher temperature due to an enhanced diffusion or chemical
reactivity.
4.3.3 N Content
To determine how much N inWNx is removed by D, the remaining N amount
in WNx layers after D plasma exposure was extracted from the simulation
of the RBS spectra as described before (see in Section 3.1.2.1). The nitrogen
areal densities measured by RBS are plotted as a function of D fluence in
Figure 4.16. The initial N content prior to D exposure is for all samples
identical within the experimental uncertainty. This again proves that the
pre-exposure annealing at 600 K does not change the N content, i.e., no
desorption of N from the WNx layers occurs at 600 K for the here deposited
WNx layers. In general, the N amount decreases with increasing D fluence
for all the three groups of samples. The decrease is almost identical for all 3
sets of samples. It seems to be slightly higher for the as-deposited samples
with D implantation at 300 K. The total decrease of the N content after the
maximum fluence of 6×1024 D/m2 correspond to about 18 %.
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Figure 4.16: N removal in the surface of WNx after D plasma exposure at different
temperatures
4.4 D-rich Surface Layer in Pure W Surface
In Section 4.2.1.2, to be able to resolve the D distribution in topmost sur-
face of WNx films, Ar-sputter IBA depth profiling has been developed and
successfully applied for resolving the D-rich surface layer with significantly-
improved depth resolution (∼3 nm) compared with the standard NRA depth
profiling (∼16 nm by α spectra). Two requirements have to be fulfilled such
that the newly-developed D depth profiling method can be applied. Firstly,
the thickness of the D-containing layer removed by each Ar-sputtering step
must be determined and, secondly, the remaining amount of retained D
must be measured. For the WNx layers, the first requirement was easily
fulfilled because the thickness of the removed WNx layer can be determined
by RBS. The second requirement was also easily satisfied because D does
not diffuse deep into WNx such that the total amount of D in the layer could
be measured with just one 3He+ ion energy (500 or 690 keV) for NRA. The
boundary conditions are significantly different for D implantation into pure
W, where the D-containing layer is normally much thicker than the infor-
mation depth of NRA using a single 3He+ ion energy (500 or 690 keV).
This is due to the relatively high diffusivity of D in W, especially at ele-
vated temperature [25, 46]. Standard NRA D depth profiling (see Section
2.3.3.1) works well in resolving the D depth distribution in W up to sev-
eral micrometers. However, it cannot resolve the very thin, D-rich layer in
the up-most surface. In this section, the newly-developed Ar-sputter IBA
83
4.4. D-rich Surface Layer in Pure W Surface
depth profiling is extended for resolving the D-rich surface layer in pure W
surfaces by combining it with the standard NRA D depth profiling.
To apply Ar-sputter IBA depth profiling in pure W surface, let's first take
a look on the above-mentioned two pre-requisites for applying Ar-sputter
IBA depth profiling. Other than for the layer-structured WNx films where
the underlying W films allowed RBS to determine the thickness of the re-
moved WNx layer by each Ar-sputtering step, the removed layer thickness
for the bulk W sample cannot be measured in a similar way. To accom-
plish this, a thin W film (about 100 nm thick and sputter-deposited on
single-crystalline Si substrate) was exposed simultaneously with the bulk
W sample to the identical Ar plasma during each sputtering step. The
areal density and the precise thickness of the thin W film were determined
prior to Ar sputtering by RBS and profilometry, respectively. By this, the
atomic density of the deposited W films is determined, which is roughly
90% of the bulk W density (19.3 g/cm3). It turned out that a 5-min-Ar-
sputtering step can remove a thickness of 3.4 nm W film. It is assumed
that the sputtering yield is the same for W-film and bulk W surface, so the
removed thickness of bulk W is expected to be ∼3 nm due to its slightly
higher atomic density.
For the second requirement, i.e., the determination of remaining amount
of retained D in bulk W after each Ar sputtering step, standard NRA
depth profiling is employed. With several different projectile energies up
to 4.5 MeV (see 2.3.3.1), the total retained D amount in the whole NRA
probing depth (∼7.9 µm for projectile energy of 4.5 MeV) can be deter-
mined. It should be noted that, the total retained D amount measured
after each Ar sputtering step is neither that from the whole sample, be-
cause in general there is also D beyond the NRA information depth, nor
that from the D-rich surface layer only. Standard NRA depth profiling al-
ways measures the retained D amount within the largest information depth
which in turn is determined by the highest applied projectile energy. That
is to say, after a certain Ar-sputtering step, the measured total retained D
amount determined with NRADC (see 2.3.3.1) is given by the difference of
the D amount removed together with the sputtering of the surface layer and
that from the layer located at the largest NRA probing depth that becomes
newly visible fro NRA. This newly visible layer is with the same thickness
as the removed surface layer. If the D concentration at the end of the NRA
probing depth is negligible compared with that in the D-rich surface layer,
the difference between the total amount of retained D in the NRA probing
depth from two consecutive Ar sputtering steps can be approximately taken
as the D amount contained in the removed W layer only. However, it should
be noted that, the error for this approximation is huge due to not only the
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error propagation from the difference calculation but also the evolving much
larger depth. To reasonably evaluate the error, similar idea is applied for
the information depth of one projectile energy. Namely, the difference of the
retained D amount within the information depth from one projectile energy
is taken as that retained in the removed D-rich surface layer, provided that
the D concentration at the end of this information depth is negligible. In
other words, standard NRA D depth profiling is performed for W samples
after D implantation as the first step; if the D concentration at the end of
the information depth of one projectile energy (e.g., 690 keV) is negligible,
the above methodology can be applied to resolve the D-rich surface layer.
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Figure 4.17: D depth profile in a W surface exposed to D plasma at 300 K to a fluence
of 6.0×1024 D/m2. The D concentration at the end of the range of the NRA probing
depth is negligibly low.
Bulk W samples were exposed to D plasma in PlaQ with 200 V DC bias
to a fluence of 6.0×1024 D/m2 at 300 K. After D implantation and prior
to any Ar plasma exposure, NRA measurements with 7 different projectile
energies were performed on one W sample for standard D depth profiling
(see 2.3.3.1). The D depth profile was then determined with NRADC [75,
95], as shown in Figure 4.17. Taking the α spectra into account, NRADC
gives rise to a D depth distribution with a D-rich surface of thickness of
16 nm and D concentration of 4 at.%. Behind this D-rich surface layer
the D concentration decreases to 2.5×10−3 in the depth range from about
16 nm to 750 nm. From 2.5 µm to the probing limit (∼7.9 µm), the D
concentration is about 4.5×10−5, which is almost at the detection limit of
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present NRA measurements [93].
Similarly as for WNx films in Section 4.2.1.2, the D-implanted W sam-
ple surface was after NRA measurements for eroded by low-energy argon
plasma at 0.5 Pa applying a DC bias voltage of -200 V. Ar-plasma exposure
for different durations were performed on different sections of the identical
sample by partially covering the sample surface with a 50 µm thick W foil
while keeping other parts exposed to Ar plasma. During sputtering the
sample temperature was kept at 230 K using the ethanol cooling circuit to
reduce a possible D loss by heating from Ar plasma. In total six different
sections on one sample each about 5×6 mm2 in area with sputtering time
from 0 to 25 min with 5-min intervals were created, as sketched by the inset
in Figure 4.18a.
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Figure 4.18: NRA measured proton and alpha spectra on D-6e24 implanted W surface
exposed Ar plasma for different durations
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Each of these 6 different sections of the identical W sample surface was
measured with NRA applying 7 different 3He+ projectile energies ranging
from 0.5 to 4.5 MeV. For each individual NRA spectrum an ion beam charge
of 10 µC was accumulated. Figure 4.18 shows the α and proton raw spectra
from the NRA measurements with 0.69 MeV 3He+ beam of the 6 different
sections. Shown also as dashed line is the spectrum from an about 10 nm
thick a-C:D layer. The α spectrum (Figure 4.18a) exhibits a surface peak
at about 4.8 MeV and a small contribution from larger depth in the en-
ergy range from 2-4.6 MeV. Already after the first Ar-sputtering step the α
surface peak has significantly decreased and it has completely disappeared
after 3 sputtering steps (i.e., after 15 min Ar sputtering). Also the proton
peak (Figure 4.18b) decreases significantly after sputtering. After the third
sputtering step, the spectra do not change further. Comparing the peak
widths in both figures with those of thin a-C:D layer, the disappearance
of the α surface peak as well as the decrease of the proton peak can be
clearly attributed to the removal of the D-rich surface layer. The proton
peak remaining after 3 sputtering steps is attributed to D in larger depth.
The integrals of the raw spectra from Figure 4.18 are plotted in Fig-
ure 4.19 as function of Ar sputtering time. The α integrals are calcu-
lated only from the surface peaks (i.e., within the energy range from 4.7
to 5.3 MeV in Figure 4.18) while the proton integrals are from the whole
energy range shown in Figure 4.18b. Additionally plotted in Figure 4.19
are the integrals of the proton spectra measured with 3200 keV projectile
energy. The error bars are evaluated based on the counting statistics (i.e.,
square root of the counts). Although different in absolute amount due to
the different cross-sections, the proton integrals at both energies decrease
by ∼ 30% for the first 3 sputtering steps and remain essentially constant
afterwards. Already from these raw data one can conclude that a substan-
tial fraction of the D was retained in the removed ∼ 9 nm thick W surface
layer. Since this thickness is much smaller than the information depth of
the proton spectra (∼ 800 nm at 690 keV projectile energy) and causes
negligible energy loss of the projectile beam, the same contribution from
D in the bulk for the proton yields from different sections of the sample
surface was assumed. The bulk D contribution for all shown count integrals
is assumed to be given by the average value of the last two corresponding
data points. Subtracting these bulk D contributions from the integral values
results in the surface contributions shown in Figure 4.19b. The error bars
in Figure 4.19b are determined according to error propagation due to the
background subtraction. Within the experimental uncertainty all three data
sets can be well described by a linear decrease. This indicates a uniform D
distribution within surface layer removed in the first 3 to 4 sputter steps.
The averaged D distribution determined based on this linear evolution will
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Figure 4.19: Proton integral evolution from NRA measurements on W surface with
different Ar-sputtering durations
be shown later.
As an alternative evaluation strategy all α spectra measured at 690 keV
were fitted with SIMNRA to determine the D amount retained in the top
most surface. As mentioned before, the best achievable depth resolution
at the surface with NRA is 16 nm. That means a meaningful simulation
with SIMNRA can only provide the mean D amount in the top 16-nm-thick
layer. Because the removed W amount by each Ar sputtering step is known
(∼ 3 nm), the strategy was to adjust the D concentration in this top layer to
fit the surface peak of all the α spectra. Simultaneously the corresponding
proton spectra were also fitted with SIMNRA to cross-check the results from
α spectra fitting. However, to fit the proton spectra the D concentration
beyond the D-rich surface layer is required due to the much larger informa-
tion depth of the proton spectra. For this, standard NRA D depth profiling
with projectile energies up to 4.5 MeV were recorded for all six different sec-
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Figure 4.20: D depth profils from different sections of W surface with varied Ar plasma
sputtering durations
tions and deconvoluted by NRADC. As anticipated, the D distributions in
the bulk turned out to be within the experimental uncertainty identical for
all the different sections, since they are from one plasma-loaded W sample.
The such-determined standard NRA depth profiles for the topmost 450 nm
are shown in Figure 4.20 on a linear scale. The only significant difference is
the monotonic decrease of the D concentration in the topmost layer. The
D-rich surface layer determined by NRADC occurs only for the three sec-
tions with Ar-sputtering time less than 15 min. The D concentration below
the D-rich surface layer is below 5×10−3. Actually, comparison of the total
retained D amount within the whole NRA information depth determined
by integrating the evaluated D depth profiles up to 7.9 µm also shows a
decrease by 30% after 3 to 4 Ar-sputtering steps, which very well agrees
with the trends shown in Figure 4.19a and b.
Integration of these depth profiles gives rise to the NRA total amount
of retained D within the NRA information depth (7.9 µm). The NRA to-
tal amounts of retained D are plotted as a function of Ar sputtering time,
as shown in Figure 4.21. The top x-scale additionally shows the removed
W thickness due to the Ar sputtering. The total D amount decreases no-
tably at the beginning but remains constant after 15 min sputtering, i.e.,
after removing a surface layer with a thickness of 9 nm. Surprisingly, the
amount of D retained within the 9-nm-thick D-rich surface layer is almost
one third of the total amount of retained D within the whole NRA informa-
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Figure 4.21: Total D amount from NRADC on W surface with different Ar sputtering
fluences.
tion depth. Already by this observation, one can expect an extremely high
D concentration within the topmost W surface.
Having determined the D concentration beyond the D-rich surface layer,
all α and proton spectra measured at 690 keV (Figure 4.18) were fitted
simultaneously with SIMNRA such that the D-rich surface layer can be re-
constructed as a function of the removed W amount by each Ar sputtering
step . For the reconstruction, the following assumption is made. After re-
moval of ∼ 3 nm W material from the surface by each Ar-sputtering step,
both produced newly measured α and proton spectra will automatically in-
clude the contributions from D retained in a 3-nm-thick layer at the end
of their information depths and in principal the same applies for the differ-
ent layers used in the NRADC deconvolution. Since the newly-included D
amount is negligible compared with the measured D amount within the in-
formation depths due to the low D concentration at this depth (6 5×10−3,
see Figure 4.20), it is assumed that the difference between the total amount
of retained D within the information depth before and after a certain Ar
sputtering step corresponds to the D amount retained in the removed W
layer from the D-rich surface.
The full NRADC deconvoluted depth profile up to 7.9 µm is shown in
Figure 4.22 on a logarithmic y-scale and the D concentration profile within
the topmost W surface reconstructed from this fit of the data shown in
Figure 4.18 is plotted in the inset on a linear scale. Surprisingly, the D
concentration in the D-rich surface layer is very high. After 9% for the first
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Figure 4.22: Concentration profile of D-rich surface layer determined by Ar-sputter IBA
depth profiling
3 nm the D concentration reaches a maximum of about 12% in the depth of
3-6 nm followed by about 6 at.% in the next 3 nm and 4 at.% in the depth
from 9-12 nm. Finally it decrease to about 6.0×10−3 in depths beyond
12 nm. The error bars for this high resolution depth profile are determined
based on the error propagation from the difference between the α integrals of
consecutive sputter steps. Such 'extremely' high D concentration in W has
not yet been reported for W surfaces after low-energy D plasma loading.
Possible explanations for the very high D concentration in our pure W
samples are a much higher defect density in the surface induced by D over-
saturation[110] or the co-implantation of impurities during plasma loading.
The D retention in the bulk is mainly determined by the dislocation density
[30].
For comparison, the average D concentration from the not-Ar-sputtered
section determined by NRADC for the topmost 16 nm is represented in the
inset by the dotted line. The dashed line shows the profile calculated by
assuming a uniform D distribution within the top 4 sputter layers based on
the linear decay (see Fig. 4.19b) The total D amount is assume to be the
same as that in the top 4 layers of the reconstructed profile. Also shown
in the inset of Figure 4.22 is the mean D concentration averaged of the top
four layers, i.e., the top 12 nm. This mean value is 8 %. As shown in Fig.
4.19 the near surface D depth profile is also compatible with a homogeneous
profile for the first 4 layers leading to the linear decrease of the signals. This
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flat profile would then correspond to the mean profile (averaged over the top
4 layers). Within the experimental uncertainties, the two different depth
profiles (averaged and highly resolved) shown in the inset of Figure 4.22 are
in acceptable agreement. For the time being this has to be considered the
remaining uncertainty . Finally, the whole D depth profile in W surface
after D implantation at 300 K to fluence of 6.0×1024 D/m2 consists of the
reconstructed D-rich surface layer and the NRADC-determined bulk profile
from the surface with 25-min Ar-sputtering, as shown in Figure 4.22.
Comparing the total amount of D in the top 16 nm, which is 1.3×1020 D/m2
for the reconstructed profile and 4.1×1019 D/m2 for the standard NRADC
profile, leads to the surprising result that the standard NRADC deconvo-
lution has underrated the retained D amount in topmost layer by about a
factor of 3. During NRADC deconvolution this underrated D in the top-
most surface will be compensated by a higher bulk concentration. In other
words, the bulk D concentration from NRADC calculation for the non-Ar-
sputtered is over-evaluated.
In summary, the newly developed method was extended to resolve the D
depth distribution profile within the topmost W surface with a significantly
improved depth resolution of about 3 nm compared with standard NRA
depth profiling (depth resolution of about 16 nm). It is found that more
than 30% of the total retained D amount of the investigated sample (D
implantation at 300 K to fluence of 6.0×1024 D/m2 with ion energy of
215 eV) is retained in the D-rich surface layer with a peak concentration of
12±3 %. The here determined averaged D profile in the D-rich surface layer
shows higher concentration than that from standard NRA depth profiling
by NRADC. Developed for the D/W system the here presented method
can be extended to D in other metals and also applied to quantitatively
determine ion implantation profiles of other species, especially for species
with low diffusivity in the exposed metal.
4.5 D Implantation into WNx-coverd Bulk W
As shown in Section 4.2.1.2, D implantation to WNx films at temperatures
below 600 K has a small diffusion length due to the limited diffusivity.
This means a WNx layer can be used as a diffusion barrier for D in this
temperature range. To further demonstrate this idea, WNx layers were
deposited onto bulk W surface and then exposed to D plasma. After D
plasma exposure, the surface morphology and the D depth profiles were
compared between the WNx-coated W and pure W surfaces after identical
plasma exposure.
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Figure 4.23: Surface morphologies of half-WNx-covered bulk W samples after D im-
plantation to a fluence of 6.0×1024 D/m2 at 450 K. Both pictures are taken by CLSM.
The mosaic structure in the left comes from 'stiching' of individual images.
Figure 4.23 shows the surface morphologies of a bulk W sample after D
implantation to fluence of 6.0×1024 D/m2 at 450 K. One half of the sample
(the right-hand half in Figure 4.23) was covered with a magnetron-sputtered
WNx film prior to D implantation. By this strategy, an identical experimen-
tal condition for both WNx and pure W surfaces during D plasma exposure
is ensured. Otherwise, at least two samples need to be used for compar-
ison. The sputtered WNx layer was deposited under the same conditions
as described in Chapter 2.1.2. The thickness of this WNx layer is about
130 nm. The pure W surface (the left-hand half in Figure 4.23) shows a
lot of blisters with diameters up to 50 µm. While the WNx-covered half
shows no blister at all. Actually, this difference can be well-distinguished
even with the naked eye.
Before interpreting the very different results from the two halves of the
sample surface, it is advisable to explain what blisters are and how they are
formed in W surfaces during D implantation. Metallic samples exposed to
hydrogen plasma usually form gas-filled bubbles and planar cavities (voids
or cracks) along grain boundaries or crystallographic lattice planes, which
are often visible as blisters at the material surfaces [111]. W blistering is
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of great importance for fusion study since it could lead to instability of the
plasma if blisters burst and eject large amounts of gas and/or material from
the blister cap [112]. In addition, W blistering will increase the inventory of
hydrogen isotopes such as tritium. This will result in great concerns with
respect to safety and cost efficiency [29, 30, 48]. Found not only very often
on W surfaces exposed to laboratory deuterium (D) plasmas under different
conditions [31, 48, 51, 113, 114, 117], blisters on W have also been observed
on material samples exposed in fusion experiments [115, 116]. Although
the formation of blisters in W surface exposed to D plasma is not yet fully
understood, it is commonly accepted that the blistering is induced by local
H over-saturation. Without hydrogen implantation into the material, there
should be no blister at all. The blister size is determined not only by
implantation condition but also by the local micro-structure of the materials
[51, 117].
Figure 4.24: Depth distributions of D in both halves of the half-WNx-covered bulk W
samples after D implantation to fluence of 6.0×1024 D/m2 at 450 K.
Based on the results from Section 4.2.1.2, it is easy to understand the
present results. Obviously, with WNx layer on top as diffusion barrier, no
D can penetrate the WNx films and migrate into the underlying bulk W
material. Therefore, no blister in the bulk W is found. While for the pure
W surface, a lot of D can diffuse into the bulk and accumulate at the grain
boundaries to form cracks [29, 31, 117, 118] at different depth. Actually, the
blistering phenomenon is in agreement with the D depth profile determined
by NRA depth profiling, as shown in Figure 4.24. With blistering, there is a
"bump" in the depth range from about 1 to 5µm. This corresponding depth
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range is exactly that for the cavities occurring at grain boundaries [29, 31].
For the WNx-coated half, the D depth profile in the topmost surface is
expected to be comparable to that in WNx films exposed to D plasma at
300 K (see 4.2.1.2), and the D concentration in the bulk is essentially zero
simply because D cannot penetrate the WNx layer.
4.6 Discussion
4.6.1 D in Sputtered WNx Films
The newly-developed analysis method presented in Section 4.2.1.2 compris-
ing low-energy Ar plasma sputtering combined with NRA analysis of D
retention is capable of resolving the D depth profile at the surface with a
depth resolution of less than 3 nm which is superior to the standard NRA
depth resolution (16 nm in our set-up for the analysis of the alpha particles
from the nuclear reaction). This allows resolving the implantation depth
profile of low-energy (215 eV) D implanted into WNx layers.
D implanted at 300 K into WNx layers is found in a near surface layer
with a thickness of about 20 nm. Comparison with SDTrimSP simula-
tion results (Figures. 4.8 and 4.9) yields that this thickness corresponds
to the implantation depth of the small fraction of atomic D+ ions which
impinge with the full energy of 215 eV. The molecular ions, D+3 and D
+
2 ,
have a lower energy per deuteron and correspondingly a smaller penetration
depth. From this good agreement the conclusion can be drawn that at 300
K the implanted D does not diffuse but stays where it is implanted. The
retained D amounts are of the order of 2×1020 D/m2 (Figure 4.10). The
fraction of impinging D that is retained is very low. Even for the lowest
investigated fluence of 1×1023 D/m2 only a fraction of 10−3 of the imping-
ing deuterons is retained. In this context it should, however, be kept in
mind that the reflection yield calculated with SDTrimSP for the conditions
of this experiment is 0.49 for the majority ions. The saturation of the re-
tained amount sets in at a fluence of about 1×1024 D/m2. That also means
that most of the implanted deuterons must diffuse back to the surface and
desorb. We assume that within the ion penetration range D can diffuse due
to ion-impact-induced diffusion.
At 600 K the D depth profile is significantly broader than that at 300 K.
The total retained D and the local D concentrations are lower, but the
penetration depth is much larger than the implantation range. This is a
clear proof that at 600 K D diffuses into larger depth. Comparing the
penetration in WNx layers with that in pure W [25, 29, 75, 76, 77] shows
that the D penetration at 600 K for WNx is much lower than for W. That
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means that the diffusion coefficient of D in WNx is much lower than that in
bulk W. In addition, the D concentration in the WNx layer (about 14 at.%
at 300 K) is much higher than in pure W. The maximum D concentration
is found almost at the end of the implantation range of the D species with
the highest energy (the D+ ions impinging with 215 eV, see Figure 4.9).
For D implantation at 600 K the peak concentration is about 3 %. The
total retained D amount at 600 K is only about half of that at 300 K. To
check whether the reduced D retention at 600 K is due to a change of the
microstructure or due to the higher implantation temperature, one sample
was first annealed at 600 K for 2 h and then exposed to D plasma at 300 K.
This sample shows about 10 % lower D retention than the sample that was
not pre-annealed (see Figure 4.10). From this it is concluded that the pre-
annealing does not lead to a significant change of the retention capability
and that, therefore, the lower total retention at 600 K is due to the higher
implantation temperature. The slightly lower retained D amount in pre-
annealed samples compared with as-deposited samples may be due to the
fact that the pre-exposure annealing moderately annihilated some trapping
sites inside the WNx layer. Such a minor change could also explain the small
increase of the decomposition temperature of the layer after annealing as
presented in Figure 4.1. Based on the observation that the pre-annealed
sample shows only a 10 % lower D retention it is concluded that the lower
local D concentration at 600 K is not governed by the annealing of possible
trap sites, but is dominantly attributed to thermal detrapping during D
exposure which leads to a lower occupation of available trap sites. The
fact that thermal detrapping of D is active at these temperatures is clearly
shown in the TPD spectra of Figures 4.11 and 4.12.
The D concentration in WNx exposed to D plasma at 600 K is signif-
icantly higher than in pure W materials in the region beyond the implan-
tation depth. The mean D concentration in WNx in the range from about
15 to 50 nm is roughly 1 %. For similar loading conditions the D concen-
tration in pure W materials is typically of the order of 10−3 for the depth
range from about 16 nm up to a few µm [29, 75, 76, 77] at 300 K and much
lower at 600 K (10−4) [29]. Magnetron-sputtered W films normally exhibit
3-4 times higher D concentration than that in warm-rolled polycrystalline
W [75, 76, 77]. The D concentration in the present WNx layers is about a
factor of 4 higher than that in magnetron-sputtered W films. It is suggested
that N in the W matrix acts as a trap site for D thus significantly enhancing
D retention in comparison with pure W. Noteworthy is the stable bonding
of the D retained in the WNx layers. It was observed for pure W that up
to 30 % of the retained D is lost from the sample after storage for 2 months
[109]. However, this is not the case for the WNx samples studied here. NRA
measurements performed on these samples at different times after exposure,
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namely 1 day, 3 weeks and 3 months after D implantation, showed within
the experimental uncertainty the identical D amount. This means there is
almost no loss of D in WNx layers during storage.
Intriguing is the decrease of the total retained D amount with increasing
D fluence at low fluence (below 1×1024 D/m2, see Figure 4.10) in both
samples exposed at 300 K. As mentioned in Section 4.2.2 this behavior is
reproducible. Since D does not diffuse in WNx at 300 K, the final retained
D amount in WNx at 300 K depends strongly on the amount of D trap sites
within the implantation zone. In the preceding paragraph it was speculated
that the D retention in WNx is governed by bonding to N. At very low D
fluence N is abundant at the top-most surface and it is assumed that initially
the retained D amount increases linearly with D fluence. But, as the D
fluence increases, more and more N will be removed from the implantation
region. It is conceivable that a certain fraction of the initially retained D
is released together with the N thus leading to a decrease of retained D
with increasing D fluence. At a certain D fluence, probably when most
of the N is removed from the implantation zone, the total retained D will
decrease to a minimum. After that transition period the total retained D
amount again starts to increase slowly with D fluence. For D implantation
into WNx at 600 K, the thermal detrapping and also the diffusion of the
implanted D come into play. Therefore, the decrease at low D fluence is
much less pronounced than at 300 K. It is, unfortunately, not feasible to
investigate lower D fluences in PlaQ due to the relatively high ion flux.
Further experiments in another device with much lower ion flux should
provide clues for figuring out this issue.
Combining the Ar-sputter IBA depth profiling and the standard NRA
depth profiling, the D-rich layer in topmost surface of pure W material was
finally resolved (see Section 4.4). Striking is the comparably high D concen-
tration in the topmost surface of pure W and WNx films. With N in the W
matrix, the high D concentration in the WNx is understandable. However,
it is very unexpected that the D concentration in a pure W surface is also
comparably high as that in WNx surfaces. One possibility is that the D re-
tention in the topmost surface of W is dominated by the irradiation induced
damage, which comes from local over-saturation of D. Co-implantation of
plasma impurity also provides a possible explanation of this surprisingly
high D concentration. The determination of the D-rich surface layer is ex-





As a speculation, the decreasing N amount in the WNx layers with increas-
ing D fluence is attributed to the formation of ammonia. Unfortunately, the
amount of ammonia during plasma exposure cannot be measured under the
present conditions. On the one hand, the production of ammonia is very
low. Up to a D fluence of 6.0×1024 D/m2, the reduction of N amount in
the layer is less than 15 %. As shown above, during D implantation, the
surface will be enriched with W due to the removal of N. This very thin
W layer will reduce the further N loss by suppressing the out-diffusion of
formed ammonia in the subsurface. On the other hand, ammonia itself will
strongly stick to the chamber wall, which makes the detection even more
difficult. Therefore, comparing the N content in the surface before and af-
ter D exposure is the only possible way to assess the formation of ammonia
during D implantation under the present conditions. The amount of lost
N provides an upper limit on the evaluation of ammonia formation during
D implantation. The presented TPD measurements have shown clear evi-
dence for the formation of ammonia after D implantation into WNx layers.
Although the amount of ammonia cannot be quantified under the present
experimental conditions, it is found that only about 18 % of the retained
D is released as molecular hydrogen. Assuming that no D is retained in
the layer after TPD analyses (Unfortunately, this assumption could not be
tested because the layers delaminated completely after TPD) up to about
80 % of the originally retained D could be released as water or ammonia.
Since the oxygen content of our samples is negligible compared to the ni-
trogen content, it is reasonable to assume that most of this D is released as
ammonia. Release of ammonia occurs together with the release of molecular
hydrogen at relatively low temperatures (6 650 K).
4.7 Chapter Summary
The interaction of D plasma with sputter-deposited WNx layer was studied
in detail at two different temperatures, 300 and 600 K. TPD measurements
showed that the sputter-deposited WNx layers were thermally stable up to
about 800 K. Decomposition starts at around 830 K with two release peaks
at 925 and 960 K.
A new D depth profiling method consisting of low-energy Ar sputtering
combined with IBA analysis was develped, which allowed the determination
of D depth profiles by NRA with unprecedented depth resolution of 3 nm.
Results show that at 300 K the implanted D is retained only within the
implantation zone. At 600 K D diffuses to larger depth, but the diffusivity
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of D in WNx is substantially lower than in pure W. It appears that WNx acts
as a diffusion barrier for diffusion of D in W, but further investigations are
necessary to support this assumption. The local concentration of D retained
in WNx beyond the implantation zone after exposure at 600 K is relatively
high. It is about a factor of 10 higher than in standard polycrystalline
tungsten and a factor of 3 higher than in sputter-deposited pure W films
exposed at 300 K. This relatively high local D concentration is attributed to
the presence of N which is suggested to act as a trap for hydrogen isotopes.
By combining with the standard NRA D depth profiling, the newly-
developed Ar-sputter IBA depth profiling is extended to resolve the D-rich
surface layer in pure W samples due to D implantation. Results show a
comparably high D peak concentration within the implantation zone in
the pure W surface as in the WNx-film surface. Further experiments are
required for the understanding of such a high D concentration in pure W
surface.
Results from both RBS and XPS measurements show different processes
on the WNx surfaces exposed at different temperatures. The W enrichment
and N removal were less pronounced at 300 K than at 600 K. D is thermally
released from WNx in the temperature range from 400 to 700 K. Surpris-
ingly, only about 18 % of the retained D is released as hydrogen molecules.
Based on the available data it was concluded that up to 80 % of the re-
tained D is released as deuterated ammonia or water. At present, these
two species cannot be surely distinguished, but it is assumed that ammonia
isotopologues dominate. The release of ammonia occurs together with the
release of molecular hydrogen.
Finally, a bulk W sample half-covered with a WNx film was exposed to
D plasma. The non-blistered part of the sample covered by a WNx layer
and the strongly-blistered half of the pure W surface clearly showed the
barrier property of the present WNx layer on D diffusion, which was further






Interaction of D Plasma with
N-implanted W Surfaces
While the previous chapter showed the interaction of D plasma with 'thick'
WNx layers deposited by magnetron sputtering, this chapter is focusing on
'thin' N-containingW layers exposed to D plasmas, which were fabricated by
N implantation into bulk W surfaces. Although very thin (see Chapter 3),
the formed N-containing layers exhibit a non-uniform N distribution from
the implantation profile and thus differ from magnetron-sputtered WNx
films with a constant N concentration through the whole layer. Therefore,
different plasma-surface interaction processes are expected on exposing N-
implanted W surfaces to D plasma compared with sputter-deposited WNx
films. The small thickness of the N-containing layer formed by N implanta-
tion into pure W surfaces (see Section 3.2.2) allows in-situ monitoring of the
surface interaction with N or D plasma by ellipsometry. The N amount in
the N-implanted bulk W surfaces before and after D implantation, as well
as the D inventory after plasma loading, will be determined by ex-situ NRA
measurements. Bulk W samples without N pre-treatment were also exposed
to D plasma to unravel the influence of N implantation on D retention in
bulk W. Finally, temperature effect on the role of N-containing layers on
affecting D retention in bulk W samples was investigated.
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5.1 In-situ Ellipsometry Observation
5.1.1 N-D Cycled Implantation into Bulk W Surface
5.1.1.1 Experimental details
Bulk W samples after polishing and heat treatment (see Section 2.1.1) were
exposed sequentially to N and/or D plasma in PlaQ for in-situ ellipsome-
try monitoring. A basic description of ellipsometry can be found in Section
2.3.1. Ellipsometry has also been tested on sputter-deposited W films. How-
ever, it turned out that the absorption of the film surface was so high that
no optical response could be detected from ellipsometry. The base pressure
of the chamber before plasma ignition was below 1×10−5 Pa. Also, to des-
orb the impurities from the chamber wall, plasma burn-in was performed
with the shutter between the sample holder and the aperture of the cage
for plasma confinement closed (see Section 2.2). No bias was applied dur-
ing the plasma burn-in. It should be mentioned that, although no ions can
reach the sample surface due to the closed shutter during plasma burn-in,
some highly reactive atoms can still reach the surface, which could possibly
change the surface optical properties. Therefore, the ellipsometry signal
recording started always before plasma ignition to detect possible changes
during the plasma burn-in. The frequency for data acquisition by ellipsom-
etry was set to 0.4 Hz to monitor the evolution of Ψ and ∆ values with good
time resolution.
The bias voltage (200 V DC for both N and D plasma) was applied at the
same time the shutter was opened to start the plasma exposure. From that
moment on many energetic ions as well as large amount of atomic species
will reach the sample surface. The modification of the surface was recorded
by ellipsometry following the evolution of the Ψ and ∆ values. If the sample
was exposed consecutively to plasmas with different gases, pumping after
the first plasma exposure was performed until the pressure was comparable
to the initial base pressure. Note that, ellipsometry kept recording during
this pumping periods. When the pressure after the first plasma exposure
reached the initial base pressure, the second gas was introduced into the
chamber and followed by a plasma burn-in. After that an implantation
with 200 V bias voltage will be performed. An implantation cycle is defined
as the whole duration from the plasma burn-in with the 1st gas to the end
of plasma exposure with the 2nd gas. Namely, 1st plasma burn-in and
implantation, pumping to the initial base pressure, 2nd plasma burn-in and
exposure are included. All the processes can in principle be repeated for
multi-cycle sequential exposures. It should be mentioned that with in-situ
ellipsometry only one sample mounted at the center of the sample holder
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Figure 5.1: Ellipsometry signal from N/D sequential implantation for 1 cycle:
(a) Ψ−∆ diagram; (b) time evolution of Ψ and ∆
can be monitored. This means, each implantation requires a new bulk
W sample. Ellipsometry will record the surface modification from the as-
polished sample surface to the end of implantation with different cycles.
Finally, it worthy to mention again that ellipsometry cannot detect the
implantation of D into W (see Section 2.3.1).
5.1.1.2 Ellipsometry Monitoring: N-started Cycled Implantation
Figure 5.1a shows the original Ψ−∆ diagram from an in-situ observation of
a W surface exposed first to N and sequentially to D plasma at 300 K, i.e., an
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implantation cycle started with N plasma. The four processes corresponding
to the different treatments of the sample surface are labeled in the figure and
explained in the legend. Re-plotting these original Ψ−∆ data as functions
of time is shown in Figure 5.1b, where the aforesaid 4 different periods are
separated by dashed lines.
After recording of 10 data points (25 s) by ellipsometry, N plasma was
ignited with the shutter closed for plasma burn-in. The initial values of Ψ
and ∆ for the presently used W surface are 24.8 ◦ and 132.8◦, respectively.
These values are slightly different from the reported ones from clean W
surface [84] due to the surface oxidization. Once the N plasma was ignited,
Ψ starts to rise while ∆ decreases gently for about 5 min. After that, both Ψ
and ∆ seem to reach a steady state, i.e., Ψ at 24.9◦ and ∆ at 132.2◦. After
10-min N plasma burn-in, the shutter was opened to expose the sample
surface to N plasma for 30 min, as labeled in Figure 5.1 as the 2nd period.
Both Ψ and ∆ drop very fast at the beginning of this period. After a very
short time (64 min), both values reach a steady state until the end of the N
implantation, i.e., Ψ at 24.5◦ and ∆ at 127.6◦. Note that, since ellipsometry
is very sensitive to the surface change, the noise during the 'steady states'
is attributed to the vibration of the device.
After switching off the N2 plasma, the chamber was pumped for another
15 min to the initial background pressure. This is to remove the remaining
N2 gas from the previous treatment. The 3rd period consists of this pumping
time plus the following 10-min D plasma burn-in. As one can see, no surface
change was detected by ellipsometry during this period. Once the shutter
was opened, Ψ and ∆ rise immediately from 24.5◦ and 127.6◦ to 24.9◦ and
∆ at 132.2◦, respectively. The increase occurred within 1 min and after that
the surface became stable again.
In principle, quantitative analysis can be provided by ellipsometry if the
optical constants of the measured layer system are known. However, for the
present case, although the thickness of the N-containing layer in W surface
can be evaluated by Ar-sputter XPS depth profiling (e.g., about 4 nm un-
der 1200 V bias, see Section 3.2.2), the thin layer exhibits a non-uniform
N distribution with probably non-uniform optical properties. Because opti-
cal constants are unknown for the present N-containing layer, therefore no
quantitative analysis of the ellipsometry can be made. However, since the
implantation depth of N into W under the applied bias (∼2 nm with 200 V
DC) is comparable to the information depth for pure W surface (∼2.5 nm,
see Section 2.3.1), the evolution of the surface during sequential N and/or D
implantation can in principle be distinguished by ellipsometry, as shown in
Figure 5.1b. In the following sections, all ellipsometry signals will be shown
in the same way as in Figure 5.1b.
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During N-plasma burn-in, the slow evolution of Ψ and ∆ in the first 5 min
is attributed to the N-related reactive atomic species reaching the sample
surface during plasma burn-in. Although the shutter is closed, there are still
some reactive N-related particles arriving at the sample surface. They may
gently interact with the oxidized layer in the surface and slightly change
the optical properties. The fact that the surface becomes stable after 5 min
may indicate that the arriving atomic N-species cannot change the surface
anymore. The fast drop of both Ψ and ∆ at the beginning of N plasma
exposure is probably due to the implantation of N-related ions. However,
due to the negligible diffusion of N in W at the present temperature (300 K),
the implantation range will finally saturate with N. From the ellipsometry
signal, the saturation process takes about 4 min at the present condition.
Obviously, further implantation cannot change the optical properties of the
N-saturated layer in the the topmost surface, this will account for the fact
that both Ψ and ∆ remain constant after saturation. With this information,
all the N exposures were preformed for 30 min to ensure a fully N-saturated
W surface in the following sections.
It is easy to understand that no detectable change is found from the
ellipsometry signal during the pumping period. The same behavior during
D plasma burn-inboth Ψ and ∆ remain constantindicates that the pos-
sibly arriving D atoms do not change the optical properties of the nitrided
W surface. Once the shutter is opened a lot of energetic D ions bombard
the surface. Under the present condition (200 V bias), only the minority
ions D+ can sputter W, but all the D ion species can sputter N. Considering
the low contribution of D+ ions, sputtering of W is negligible. As a result,
N in the surface will soon be removed, but W atoms remain. As similar be-
havior has actually already been shown for the WNx film surfaces exposed
to D plasma (see Section 3.1.2.2). This should explain the fast rise of both
Ψ and ∆ at the beginning of the D plasma exposure. It is interesting to
mention that after 1 min D implantation, both Ψ and ∆ turn back to the
initial value measured before N-plasma exposure, which also indicates that
the surface has changed back to a 'pure W' surface.
Figure 5.2 shows the optical response of a W surface exposed to N and
D plasma sequentially for 2 cycles. The D implantation was performed for
30 min rather than 10 min as in Figure 5.1. As one can see in the figure,
the ellipsometry response is reproducible for the two cycles: Ψ and ∆ drop
gently during N plasma burn-in and drop very fast as soon as the W surface
is exposed to N plasma; they rise quickly back to the initial values during
the following D plasma exposure. It should be noted that, the initial Ψ and
∆ values from the W surface before N implantation are slightly different
from the sample shown in Figure 5.1. This may be due to the different
quality of the surface finish of the samples.
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Figure 5.2: Ellipsometry signal from N/D sequential implantation for 2 cycles. Note
that the D implantation was performed for 30 min, which is different from that shown
in Fig.5.1
5.1.1.3 Ellipsometry Monitoring: D-started Cycled Implantation
Shown above in Figure. 5.1 and 5.2 were ellipsometry signals from N-started
cycled implantations, where no detectable influence from the initially oxi-
dized W surface on the Ψ and ∆ was observed. In this section, a W sample
was exposed first to D plasma and then to N plasma. Figure 5.3 shows
the ellipsometry data for a W surface with D-started implantations for 3
cycles. Note that, all the pumping periods were omitted from the raw data,
because no significant surface changes are detectable during the pumping.
This explains the small jumps of Ψ and ∆ at the beginning of the N and D
plasma burn-in periods in Figure 5.3.
In general, similar cycling effects as for the N-started cycles are found
in the D-started cycled implantations. However, the optical response at the
beginning of the first D plasma burn-in is not reproduced in the following
cycles. Other than changing slowly and then remaining constant during the
N plasma burn-in for the N-started cycle, Ψ and ∆ in the D-started cycle
change more rapidly in opposite direction during the first D plasma burn-in.
Namely, Ψ drops and ∆ rises until the end of this period. As soon as the
surface is exposed to D plasma (shutter open), a sharp peak for both Ψ and
∆ occurs, i.e., Ψ and ∆ first rise and then drop within 1 min then remaining
relatively stable until the end of D implantation with values different from
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Figure 5.3: Ellipsometry signal from (D-N) sequential implantation for 3 cycles. Note
that the sample was first exposed to D rather than N plasma.
those before D implantation. Namely, Ψ and ∆ change from the initial
values of 25.1◦ and 131.0◦ to 24.8◦ and 132.5◦, respectively. During the
following N plasma burn-in, the surface behaves very similar to what was
presented in the earlier-shown N-started cycled implantation. Both Ψ and ∆
decrease very slightly until the surface is exposed to N plasma and an large
decrease is also found at the beginning of the N plasma exposure. After
this large drop, Ψ and ∆ are not as stable as they behave during the N
plasma exposure in N-started cycle (see Figure 5.1 and 5.2). The following
D-N plasma implantation cycle shows essentially a similar behavior of the
evolution of Ψ and ∆ as for the N-started cycle (see Figure 5.2).
During the first D plasma burn-in, the different behavior of Ψ and ∆
compared with that during N plasma burn-in (see 5.1) is attributed to
the interaction process between the surface oxidized layer and D atoms.
The highly-reactive D atoms could in this case slowly affect the oxide layer
at the W surface and thus change the optical properties. Obviously, this
interaction process is different from and faster than that with N-related
particles. When the shutter is opened energetic D ions will bombard the
surface. The appearance of the peak of both Ψ and ∆ at the beginning of
D implantation may correspond to the removal of the thin oxidized layer by
D-ion bombardment. After the removal of the oxidized surface layer, the
surface behaves very similar to that in the N-started cycled implantation
(see 5.2). Again, the slightly different Ψ and ∆ values at the beginning of
the N-plasma burn-in compared with that in Figure 5.2 are attributed to
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the quality of the surface finish.
5.1.2 Influence of Temperature on Optical Response during N-
started Cycled Implantation
Material surfaces in the divertor region of fusion devices will inevitably be
exposed to N/D mixture plasmas at elevated temperatures. For this reason,
W samples were exposed sequentially to N and/or D plasma at 500 K for
comparison with that at 300 K. The focus of this section is to investigate the
influence of temperature on the surface optical response during N and/or
D implantation. Shown in Figures 5.4a&b are the ellipsometry signals from
a W surface exposed to N and D plasma at 300 and 500 K, respectively.
In both case the W surface is exposed sequentially to N and D plasma
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Figure 5.4: Ellipsometry signal from N/D sequential implantation for at different tem-
peratures: (a) 300 K; (b) 500 K.
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for 1 implantation cycle. Comparison of the Ψ∆ diagram shows a similar
evolution behavior but different saturation levels during the N implantation.
Ψ and ∆ show comparable initial values at both temperatures before any
plasma treatment. However, at 300 K Ψ and ∆ finally stay at about 24.5◦
and 127.8◦ before D plasma ignition; whereas at 500 K they become stable
at 24.3◦ and 129.8◦, respectively. A remarkable difference between the Ψ−∆
diagrams at different temperatures occurs during the D plasma exposure.
At 500 K, both Ψ and ∆ increase at the beginning of the D implantation
and decrease at around ∼5 min after starting D implantation and then
approach a certain stable level. While at 300 K, both values stay almost
constant after a fast increase at the beginning of the D implantation.
Different saturation levels of Ψ and ∆ after N implantation may indi-
cate a temperature dependence of the phase of the formed nitride layers
with different optical properties. Although the drop of both Ψ and ∆ after
about 5 min D implantation at 500 K is difficult to understand, it is re-
producible in additional independent experiments during D implantation.
This unexpected phenomenon is in this section unexplained and shall later
be addressed together with the results of N retention.
5.2 N and D Retention in W Measured by NRA after
Consecutive Plasma Loading
To quantitatively understand the influence of N implantation on D retention
during a subsequent D plasma loading, both the N amount as function of D
fluence and the corresponding D retention were measured with NRA in this
section. Different from the in-situ ellipsometry monitoring, NRA measure-
ments were performed ex-situ after each implantation. A more quantitative
understanding of the obtained ellipsometry signals is expected from the de-
termination of the N and D amount in the surface. The surface morphologies
were also investigated after the measurements of the N/D retention in the
samples. Experimental results will be discussed at the end of this chapter.
5.2.1 N Removal by D in N-implanted W Surfaces
In-situ ellipsometry observation revealed that a N-implanted W surface dur-
ing D plasma exposure will finally exhibit almost the same optical response
as the initial W surfaces before any plasma exposure. This indicates that
the N implanted into the W surface can be partially or fully removed by D
ions during the subsequent D plasma loading. To characterize how much
N is removed by D plasma, sample surfaces after exposure to different D
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Figure 5.5: Selected D fluence (exposure time) for N amount measurements based on
the ellipsometry signal from a implantation cycle with N and D plasma
fluences were measured with 4.8 MeV 4He2+ ion beam (see Chapter 3.2.1).
The D fluences were selected according to the level of the optical response
from the in-situ ellipsometry signals. For example, at 300 K, the D fluences
chosen for analysis of the N amount are labeled in Figure 5.5: Point A
corresponds to the sample surface after N implantation and without expo-
sure to D plasma. B, C and D are surfaces with D exposure of 1, 4.5 and
13.5 min after N pre-implantation. Note that, for each chosen D fluence,
a new W sample is used. Additional N-implanted W samples exposed to
D plasma for 35 and 167 min (not shown in Figure 5.5) were measured for













35 300 & 500 2.1×1023
167 300 & 500 1.0×1024
Table 5.1: Corresponding D fluences of plasma loading of 200 V DC bias according
to the ellipsometry signals
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the corresponding D fluence under the present conditions are listed in Table
5.1. For the samples with N/D implantation at 500 K, because the surface
interaction processes are according to the ellipsometry signals shown in the
preceding section faster than those at 300 K, the chosen D fluences are ac-
cordingly slightly lower than those at 300 K, namely, D plasma loadings to
0.75, 3.5, 10, 35 and 167 min were chosen, as also listed in Table 5.1.
Figure 5.6: N amount in the N-implanted W surfaces after D implantation with different
exposure duration at 300 and 500 K. The background N amount was subtracted from all
the measured data.
Shown in Figure 5.6 are the N amounts after exposure to D plasma
with different fluences at 300 and 500 K. The background N amount is also
shown as dashed line, which is the average value from measured sample
surfaces prior to any plasma treatment, as defined in Section 3.2.2. The
background N amount is subtracted from the actual measured N amounts
after plasma exposure. Shown in Figure 5.6 are the data after background
subtraction. As soon as the surface is exposed to D plasma at 300 K, the N
amount decreases very fast at low fluence. After 4.5 min exposure only, the
N amount is about 1/3 of that prior to D implantation (1.6×1020 N/m2).
After the fast drop, the N amount in the surface seems to remain rather
constant up to the highest D fluence (167 min, 1.0×1024 D/m2). For samples
exposed to N and D plasma at 500 K, the N amount also has a fast decrease
at low D fluence (0.75 min, 4.5×1021 D/m2). Surprisingly, after this quick
decrease, the N amount increases with the increasing D fluence until 10 min
exposure and after that decrease slowly with D exposure time.
As anticipated, prior to D plasma exposure, the N-implanted W surfaces
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show the highest N amounts for both cases. This initial N amount is slightly
higher for the 500-K than 300-K N implantation. This may be due to a
higher diffusivity of N in W at 500 K, which could give rise to a thicker
N-containing layer. Another possibility is that a W-nitride stoichiometry
with higher N content is formed at 500 K. After about 1 min D implantation
(45 sec for 500 K N/D implantation) 40 % of the initial N is removed from
the surface at both temperatures. This quick N decrease seems to fit the fast
increase of Ψ and ∆ values after starting the D plasma exposure (see 5.1,
5.2) in the proceeding section. As D loading continues, N evolution behaves
very different at different temperatures. At 300 K it decreases quickly before
13.5 min and must slower afterwards. But at 500 K the N amount at sample
surface after 10 min D implantation is even higher than after 3.5 min. This
strange N increase is highly unexpected and not understood, however, it
fits well to the surprising drop of Ψ and ∆ after exposure to D plasma
for about 5 min (see Figure 5.4b). As mentioned in the preceding section,
this phenomenon is reproducible in other independent in-situ experiments
with ellipsometry. The unexpected and reproducible surface behavior found
using different analysis methods means the N amount does increase after
about 5 min during D implantation at 500 K. The reason for this behavior
is presently unknown.
A general comparison on the N removal behavior at 300 K and at 500 K
shows that a significantly higher N amount remains in the sample after ex-
posure to a comparable D fluence at 500 K. However, no sound conclusion
can be drawn from the N amount comparison after D implantation, since
after 5 min D exposure at 500 K there is an unexplained N amount increase.
Even not taking into account the strange N increase at 500 K, the observa-
tions in N-implanted bulk W surfaces conflict with the result of WNx films
exposed to D plasma at 600 K and 300 K, where the removal of N is more
efficient at 600 K (see Section 4.3). Further experiments on this issue are
still required for a better understanding.
With the same bias voltage for N and D exposure it is known that the
implantation depth of N ions is significantly smaller than that of D ions.
This means the D ions implanted into the surface can directly penetrate the
N-containing layer and then diffuse into the bulk. However, after D plasma
exposure with the presently highest D fluence (167 min, 1.0×1024 D/m2)
at both temperatures, the remaining N amounts are still higher than the
background level. One possible explanation is recoil implantation of N by
D, which leads to a slower removal of N. Another possibility is that the
present D fluence is not high enough to removal all the implanted N.
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5.2.2 D Retention in N-implanted W: NRA Depth Profiles
The evolution of the N amount presented in the preceding subsection (Fig.
5.6) shows that the temperature will affect both the formation of the N-
containing layer and its removal by D plasma. Accordingly, D retention in
these samples is different due to the different behavior of the N-containing
layer. Therefore, this subsection will focus on the D retention in W samples
sequentially exposed to N and D plasma. The influence of N implantation on
D retention will be investigated through comparison with N-free W samples.
The temperature effect is also addressed by comparing D depth profiles in
samples with D loading to the same D fluence at different temperatures.
The D retention in samples with the highest D exposure fluence (167 min,
1× 1024m−2) will be compared separately, including samples exposed to N
and D plasma at different temperatures.
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Figure 5.7: D depth profiles in N-implanted W samples after D plasma exposure with
different durations at 300 and 500 K: (a) 1 min; (b) 4.5 min; (c) 13.5 min; (d) 35 min.
Open symbols correspond to N-free samples and solid symbols N-implanted samples.
Dashed lines refer to 300 K and solid lines to 500 K. The corresponding D exposure
durations of low D fluence at 500 K is slightly lower. No data is shown for N-free
samples exposed to D plasma at 500 K with low D fluence.
In Figure 5.7, the D depth profiles in W samples with D loading up to
35 min (2.1× 1023m−2) are plotted. D retention in samples with the high-
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est D fluence (167 min, 1.0× 1024m−2) is not shown here. Note that, in
sub-figures a&b with very low D fluence, no data is shown from samples
with D loading at 500 K and without N pre-implantation because the D
retention is too low to be detected. In general, all the samples show a D-
rich surface layer with a thickness determined by the resolution of the α
spectra (16 nm, see Section 2.3.3.1). As already shown in Section 4.4, the
D-rich surface layer determined by Ar-sputter IBA depth profiling shows a
peak concentration up to 16 %. By standard NRA depth profiling, the D
concentration within this D-rich surface layer is actually averaged by 16 nm,
which gives rise to a lower D concentrations. With N implantation, the D
concentration in the D-rich surface layer seems to be higher compared to
non-N-implanted samples. For D retention in larger depth up to the NRA
information depth, the N-implanted samples show a lower concentration
compared with surfaces without N pre-implantation at 300 K; whereas at
500 K, the bulk D concentration is much higher in N-implanted samples
than that without N pre-implantation (see in sub-figures c&d). The higher
D concentration in the topmost surface layer in N-implanted surfaces could
be explained by the fact that the implanted N could act as a trap site for D,
such that the surface after N implantation can accommodate more D than
a W surface without N loading. As the D fluence increases, however, more
N will be removed by D from the surface, such that the averaged D con-
centration in the D-rich surface layer of N-free surfaces approaches that in
N-implanted samples. The lower bulk D concentration at 300 K and higher
at 500 K means the N-containing layer formed at different temperatures
plays different roles on D distribution in the bulk during the subsequent
D implantation. The reason for this will be addressed in the succeeding
section.
By rearranging the D depth profiles from Figure 5.7 and including the
data for the 167-min D-loaded samples, Figure 5.8 shows the fluence depen-
dence of D retention in samples exposed at different temperatures. Namely,
a full fluence series is shown in each sub-figure for samples with or without
N implantation. As the D fluence increases, the D profile either gets higher
in concentration at a given depth or becomes broader in depth with a com-
parable D concentration. A clear difference between the D depth profiles
at 300 K and at 500 K is the shape of the depth profiles. At 500 K, the D
depth profiles for N-free samples are generally flat (sub-figure c) throughout
the whole NRA information depth. This is attributed to the much higher
diffusivity of D at 500 K than at 300 K, thus giving rise to a more uniform D
distribution. However, this is not the case for samples with N implantation
prior to D exposure at 500 K. Noteworthy is the increase of bulk D con-
centration with increasing depth (between 20 and 300×1021 W/m2) in the
N-implanted sample after 167-min D implantation at 500 K. A comparable
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Figure 5.8: D depth profiles in W samples after D plasma exposure with different
durations: (a) N-free and D-exposed @ 300 K; (b) N-implanted and D-exposed @ 300 K;
(c) N-free and D-exposed @ 500 K; (d) N-implanted and D-exposed @ 500 K. Symbols
and lines are explained in Figure 5.7.
feature is not found in the D depth profiles from all other samples which
show in general a decreasing D concentration with increasing depth. This
feature is explained by blistering enhanced D retention. Cavities of the blis-
ters and also the newly-created defects during cracking can accommodate
more D than that before crack occurrence [30, 31, 48, 78]. The blistering of
these samples will be addressed in the following section.
Although quite some information can be extracted from the above com-
parisons on D depth profiles, they are not sufficient for a full understanding
of the system. Hence, the total amounts of retained D in the NRA in-
formation depth, i.e., the integrals of the D depth profiles, are plotted in
Figure 5.9. At 300 K N-implantation prior to D loading (open squares vs
solid circles) reduces the total retained D amount within the NRA infor-
mation depth. Interestingly, as the D fluence increases at 300 K, a smaller
difference of the NRA total D amounts between N-free and N-implanted
sample is observed. At 167 min, they are essentially the same within the
experimental uncertainty. At 500 K, D retention in the N-implanted sam-
ples at each D fluence is much higher than that in N-free samples. However,
no conclusion can be drawn at 500 K on the influence of the N-implantation
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Figure 5.9: Total amount of retained D within the NRA information depth of W samples
with N pre-implantation and sequential D plasma exposure for different times.
on the D retention after the following D plasma loading, since it is not sure
whether the enhancement of D retention comes from the N-implantation
prior to D loading or from the unexplained N increase during D loading (see
Figure 5.6). But nevertheless, from the two data points at low D fluences
(0.75 and 3.5 min) before the occurrence of the strange N amount increase
at about 5 min, it can still be seen that the N-containing layer formed at
500 K strongly enhances D retention, since without N implantation, D re-
tention in N-free samples after both D fluences is below the detection limit.
For higher D fluences (D exposure times > 10 min), the underlying mech-
anism for the enhancement of D retention is not clear. It may partially
come from the N-containing layer formed prior to D implantation or from
the co-implantation of N during D loading.
From both the D depth profiles (Figure 5.8) and the NRA total amounts
of retained D (Figure 5.9), it is known that the influence of the N implan-
tation on D retention after D loading at different temperatures are very
different. However, since the temperature may exert an influence on both
N and D implantation, only by the comparisons above it not enough to
disentangle during which process the temperature effect will dominate the
influence on the finally retained D amount. Hence, W samples were exposed
to N and D plasma at different temperatures to disentangle this effect, as
will be shown next.
Two additional samples with N and D implantation at different temper-
atures are included for D depth profiles comparison among samples with
116
Chapter 5. Interaction of D Plasma with N-implanted W Surfaces
0 1 2 3 4 51 E - 5
1 E - 4
1 E - 3






D e p t h  ( 1 0 2 3  W / m 2 )
 # 1 _ D - 3 0 0 K # 2 _ N - 3 0 0 K _ D - 3 0 0 K # 3 _ N - 5 0 0 K _ D - 3 0 0 K # 4 _ D - 5 0 0 K # 5 _ N - 3 0 0 K _ D - 5 0 0 K # 6 _ N - 5 0 0 K _ D - 5 0 0 K
0 2 4 6 8
D e p t h  ( µm )
Figure 5.10: D depth profiles in W samples after D plasma exposure with a fluence of
1×1024 D/m2 with or without N pre-implantation at 300 K and 500 K
the presently highest D fluence (167 min, 1×1024 D/m2), as shown in Fig-
ure 5.10. The six samples are numbered from #1 to #6, as explained by
the legend in Figure 5.10. For D implantation at 300 K, with or without
N implantation (sample#1 and #2), both the D depth distribution and
the total D amount in the NRA probing depth are practically the same.
Comparing sample #3 with #1 and #2, one may find the D concentration
within 1µm depth is higher in sample #3 with N implantation at 500 K.
For samples after D implantations at 500 K, the 500-K-N-implanted sample
(sample #6) shows a much higher D concentration in the depth from ∼0.5
to 3.5 µm compared with that of non-N treated sample (#4). However, with
N implantation at 300 K (sample #5), the sample shows a lower D concen-
tration in most part of the NRA information depth, although a higher D
concentration in depth near to the NRA information depth limit is shown.
As a rough evaluation, the influence of N at 500 K (taking into account
both N prior to D implantation and during D loading) on D retention was
calculated as the difference between the D distribution of sample #4 and
#6 (the D concentrations in a depth larger than 3.5 µm are comparable
for these two samples), which is indicated in both Figure 5.10 and 5.11 as
hatched area.
The NRA total amounts of the six samples with the highest D fluence
are compared in Figure 5.11. Regardless of the sample temperature during
the consecutive D loading, it seems that N implantation at 500 K can al-
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Figure 5.11: Total retained D in NRA probing depth of W samples after D plasma
exposure with fluence of 1× 1024m−2 with or without N pre-implantation at 300 K and
500 K
ways enhance D retention with D implantations at both temperatures (see
samples #3 & #1 at 300 K and #6 & #4 at 500 K). The enhancement is
more significant if the D plasma exposure is performed at 500 K. Namely,
difference at 500 K between sample #6 and #4 is much larger than that at
300 K between sample #3 and #1. However, this is not the case for the
N-containing layer formed at 300 K. The NRA retained D amounts in N-free
sample #1 and N-implanted sample #2 are comparable. Please remember
that, at low D fluence at 300 K, the 300-K-N-implanted W surface showed
much lower D retention than the N-free sample (see, e.g., Figure 5.9). How-
ever, after D implantation to the highest fluence, both the total retained D
amount and the D depth profiles (see in Figure 5.10)) are almost the same
for sample #1 and #2. This indicates that the N-containing layer formed
at 300 K can at low D fluence suppress the D retention but it will finally
enhance the D retention at a certain exposure time between 35 and 167 min.
For samples with D loading at 500 K, the N-free sample #4 shows a slightly
higher D retention than sample #5 with N implantation at 300 K.
Comparison on both D depth profiles and total amount points to the
fact that the N-containing layer formed at 300 K can suppress D retention,
especially at low D fluence; with N implantation at 500 K D retention
seems to be enhanced. But due to the unexplained N increase, no further
conclusion will be drawn for this sets of samples. The changing influence of
the N containing layer formed at 300 K is attributed to its gradual depletion
due to the consecutive D implantation. More discussion will be presented
at the end of this chapter.
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5.3 Total Amount of Retained D in Sequentially-loaded
W by TPD
As can be seen in Figure 2.9, NRA measurements with the presently highest
3He+ projectile energy (4.5 MeV) provide the information on D retention
in W up to a depth of ∼7.9 µm. One can, of course, increase the projectile
energy for probing large depth. However, it is almost impossible for an
accelerator to provide an energy for 3He+ beam to penetrate the whole
thickness of a bulk W sample (∼0.8 mm). Therefore, TPD measurements
are employed to determine the total retained D amount in the whole sample.
All TPD spectra of the samples discussed in this chapter are shown
in Figures 5.12 and 5.13 for samples with D implantation at 300 K and
500 K, respectively. For each figure, filled symbols correspond to samples
with N loading before D plasma exposure and open symbols without N
implantation. It should be mentioned that, only the D2 desorption peak
from each sample are plotted here, because the desorption peaks from D-
containing species with other masses (e.g., 3 amu for HD, 18 amu for NH2D,
19 amu for HDO and NHD2 and 20 amu for D2O and ND3) are much lower
compared with those from D2. However, for the later calculation of the total
released D amount, HD is also included in the analysis. Furthermore, since
the D2 release signals from low D fluences are very low compared with those
after exposure with high fluences, the data for each temperature is plotted
in two sub-figures. Namely, in both Figures 5.12 and 5.13, low fluences up
to 13.5 min at 300 K (10 min at 500 K) are plotted in sub-figure a and
higher fluence are plotted in sub-figure b.
Now let's first take a look on all the N-free samples (open symbols in
Figure 5.12. From 1-min to 13.5-min D implantation only one D2 desorption
peak can be seen in the spectra. This D2 release peak gets higher in counts
as the D fluence increases, but the desorption peak does not shift in position.
From the 13.5-min to 35-min D implantation (Figure 5.12b), the desorption
peak becomes broader and the peak starts to shift to slightly higher tem-
perature. As the D fluence further increases (167 min, 1.0×1024 D/m2), a
second desorption peak appears at higher temperature with higher counting
rate (open diamonds). Interestingly, the first D2 desorption peak remains
at the same temperature as for the samples with lower D fluence.
For the N-implanted samples at 300 K (solid symbols in Figure 5.12),
although a similar increase of D retention is found as the D fluence increases,
the D release peaks behave differently compared with the N-free samples.
Firstly, only one release peak appears in the D2 release spectrum up to the
highest D fluence and its width is smaller than that from N-free samples.
Secondly, there is no detectable shift of the maximum peak position up to
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Figure 5.12: Desorption peaks of mass 4 amu/q of W samples after D plasma exposure
with different fluences with or without N pre-implantation at 300 K.
the highest D fluence.
At low D fluences (Figure 5.12a), the increase of D retention as D flu-
ence increases is faster in N-free samples compared with the N-implanted
samples. Comparison of the height of the D2 release peaks shows that the
N-containing layer significantly reduces the retained D amount in the fol-
lowing D loading. This observation is in good agreement with the D depth
profiles shown in the preceding section. After 13.5 min D plasma exposure
(i.e., 8.1×1022 D/m2), the D2 release peak is roughly 4 times higher in the
N-free sample than in the N-implanted sample (see the solid and open up-
triangle symbols). From 13.5 min to 35 min, the D retention slightly increase
in both N-free and N-implanted sample and the former peak is still much
higher than that of N-implanted sample. As D fluence increases further
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(Figure 5.12b), a strong increase of the total retained D amount from 35- to
167-min-implanted sample is found in N-implanted sample. This is not the
case for the N-free samples with second desorption peak showing up. As
a result, the total D amount in N-implanted sample is comparable to that
in N-free sample after 167 min D implantation. This catching up behavior
indicates that the N-containing layer changes its role from reducing at low
D fluence to later enhancing the D retention at high D fluence. The chang-
ing role of the N-implantation on D retention with increasing D fluence is
attributed to the depletion of the N-containing layer by D bombardment.
Figure 5.13: Desorption peaks of mass 4 amu/q of W samples after D plasma exposure
with different fluences with or without N pre-implantation at 500 K.
At 500 K (see Figure 5.13), the situation seems to be more complicated
than at 300 K. As already shown by the D depth profiles in the preceding
section (see Figure 5.8c&d), the N-containing layers during the following D
implantation at 500 K enhance rather than reduce the D retention, which is
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just the opposite influence as that at 300 K. Without N implantation, the
retained D amount turns out to be very low even with the highest D fluence
at this temperature (open diamonds in Figure 5.13b). A more detailed
analysis of the spectra from N-free W samples at 500 K reveals a shift of
the desorption peak to higher temperature as the D fluence increases. The
very low D retention in N-free W samples exposed to D plasma at 500 K is
attributed to thermal detrapping of D at this temperature. The shift of the
D release peak maximum may indicate that during D loading more D ions
diffused into larger depth and has trapped there.
Also for N-implanted samples with D loading at 500 K, an general in-
crease of D retention as D fluence increases can be found. However, it is still
not understood why the 10-min D-implanted sample (solid up-triangles) has
an much higher D release peak than the 35-min-loaded sample (solid down-
triangles). Similar findings have actually been already reported earlier in
this chapter from both the ellipsometry signal (see Figure 5.4b) and also the
increase of N amount with higher D fluence (Figure 5.6). Unfortunately, no
further explanation can be provided in the framework of the present the-
sis. But nevertheless, the data from low D fluence before the strange N
increase happens should still be reliable. These data has already shown
strong enhancement of D retention by N-implantation prior to D loading.
One clearly visible observation in Figure 5.13 is that there are a lot of small
spikes on the desorption peak of the sample with 167-min D implantation
(1×1024 D/m2). These spikes are attributed to the bursts of blisters dur-
ing the heating. Such blister burst in TPD spectra have previously been
reported for D implanted pure W samples [29, 30]. Note that other curves
without clear spikes do not necessarily mean there are no blisters in the
sample surfaces. It may also be that the blisters are relatively small and
the generated spikes cannot be distinguished here. Therefore, the investiga-
tion of the surface morphology is also necessary for a more comprehensive
understanding. This will be addressed in the following subsection.
The D2 release peaks of the six samples with the highest D fluence are
compared in Figure 5.14. Being exposed to D plasma at 500 K, the N-free
sample #4 shows a relatively low D retention. If prior to this D plasma
exposure there is a N implantation at 300 K (sample #5), the D retention
is even lower, while #6 with N-implantation at 500 K shows much higher
D retention . Comparison of the D2 release peaks after D implantation at
300 K (samples #1, #2 and #3) shows a similar effect of the N implantation.
Namely, N-containing layer from N implantation at 500 K will enhance the
D retention regardless of the sample temperature during D implantation
(compare sample #3 with #1), while N implantation at 300 K will reduce
the D retention (compare sample #2 with #1). Another point is the width
of the D2 release peaks. At 500 K they are generally broader than those at
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Figure 5.14: TPD spectra of samples with 167-min D implantation at different temper-
atures.
300 K, which may indicate an larger D distribution depth due to the higher
D diffusivity in W at 500 K.
The total amounts of retained D in the aforesaid 6 samples from TPD
measurements are calculated and compared with those from NRA measure-
ments, as shown in Figure 5.15. Because TPD can provide the retained D
amount in the whole sample while NRA can only probe a depth up to about
8 µm, the amount measured from TPD should be equal to or higher than
that from NRA. If all D is retained within the NRA information depth, then
the total amount should be comparable from both methods. This was, for
example, shown by Wang et al. for sputter-deposited W films with different
thicknesses [75]. In Figure 5.15, all samples with D implantation at 300 K
have almost the same D amount from both methods; while being exposed
to D plasma at 500 K will always give rise to a higher value from TPD than
NRA measurements. This clearly points to the fact that for the 167 min D
implantation at 300 K almost all D is retained within the NRA information
depth while at 500 K D implantation a significant amount of D diffuses
beyond the NRA information depth.
The largest difference between these two measurements on the total
amount of retained D is from sample #6 with both N and D implantation
at 500 K. No matter by N implantation prior to D loading or by unknown
reason during D loading, with the presence of N in sample #6 much more
D diffuses to a depth beyond the NRA information depth compared with
that in the N-free sample at 500 K (sample #4). While if the N implanta-
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Figure 5.15: Comparison of the total retained D amount in samples with 167-min D
implantation by different methods: NRA and TPD.
tion prior to D loading was performed at 300 K (sample #5) less D diffuses
beyond the NRA information depth. This clearly points to the fact that
the N-containing layer formed at 300 K reduces the amount of D diffusing
into depth beyond the NRA information depth. Since the D diffusivity in
W is the same for samples #4 and #5 during plasma loading, it is highly
probable that the diffusion influx is somehow reduced by the N-containing
surface layer formed at 300 K.
5.4 Surface Morphology: Blistering
As discussed in Section 4.5, blistering is a typical response of a W surface
under D implantation. In the preceding sections of this chapter, blistering
of W samples has actually been mentioned from time to time. For example,
the bump in the D depth profile in the sample with both N and D implanta-
tion at 500 K and the appearance of many spikes its TPD D2 release peak is
attributed to blistering. In this section, the blistering morphology of W sur-
faces will be shown, including samples after a) N-free + D loading at 300 K,
b) N implantation at 300 K + D loading at 300 K and c) N implantation
at 500 K + D loading at 500 K. It turned out that N-free samples with D
implantation at 500 K have no blistering at all, so they are not shown here.
Note that, the surface morphologies of samples with the highest D fluence
will later be compared.
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Figure 5.16 shows the surface morphologies of N-free samples with con-
secutive D implantation at 300 K. After 1 min D implantation (sub-figure
a), the surface shows essentially no blisters. The structures visible in Fig-
ure 5.16 may come from the polishing process or some dust particles from
the exposure to air. With a higher D fluence (4.5 min, Figure 5.16b), some
small round blisters with diameters up to 3 µm appear. As D fluence in-
creases, both the size and density of the blisters increase. After 35 min D
implantation, the diameters of the blisters reach 8 µm, as shown in Fig-
ure 5.16d.
For comparison, the surface morphologies of W samples with both N
and D implantation at 300 K are shown in Figure 5.17. The 4 applied D
fluences are the same as for the N-free samples. Generally speaking, this
series shows a similar evolution of blister size and density with D fluence,
but it seems that for the same fluence both the size and density of the
blisters are smaller in N-implanted surfaces than in N-free surfaces.
Figure 5.16: Surface blistering morphologies of N-free W surface exposed to D plasma
at 300 K for different exposure durations (D fluence): a) 1min; b) 4.5 min; c) 13.5 min;
d) 35 min. Some blisters in the images are marked by arrows.
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Figure 5.17: Surface blistering morphologies of N-saturated W surface exposed to D
plasma at 300 K for different exposure durations (D fluence): a) 1min; b) 4.5 min; c)
13.5 min; d) 35 min. Some blisters in the images are marked by arrows.
The fact that blisters are smaller and less dense in 300-K N-implanted
W surfaces than in N-free surfaces after the same D implantation indicates
a lower D retention in the former set of samples. This actually is in good
agreement with the results of the D retention comparison (see Section 5.2.2).
In other words, the N-implantation at 300 K will reduce the D retention
and thus leading to smaller and less blisters in the surface. It is commonly
recognized that the size of blisters are proportional to the depth of the
corresponding cavities [30, 111, 117]. Therefore, it is reasonable to assume
from the comparison of observed blister sizes that, the cavities of the blisters
in N-free samples are located in larger depth than those in N-implanted
sample surfaces. Based on this observation it is concluded that D can diffuse
into larger depth in N-free samples under the same implantation condition.
This also fits to the previous conclusions based on the comparison between
the NRA depth profiles (see Figure 5.8), total amount of retained D (see
Figure 5.9) and the TPD D2 release peaks (see Figure 5.12) of both sets of
samples.
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Figure 5.18: Surface blistering morphologies of N-saturated W surface exposed to D
plasma at 500 K for different exposure durations (D fluence): a) 1min; b) 4.5 min; c)
13.5 min; d) 35 min. Some blisters in the images are marked by arrows.
Figure 5.18 shows the blistering of sample surfaces with both N and D
implantation at 500 K. Surprisingly, blisters have already shown up in the
surface after a D fluence even lower than the lowest one for 300-K implanted
samples. The blisters sizes are much larger than those in surfaces implanted
at 300 K to the same D fluence. At 500 K, it is easy to understand that D
can for the same D fluence diffuse into larger depth in W than at 300 K .
However, striking is that D can not only reach larger depth but also be able
to initiate the cracking and form cavities at higher temperature. Please keep
in mind that the N-free samples with the same D implantation at 500 K do
not have any blister at all. This, again, clearly points to the fact that the D
retention has been significantly enhanced by the N-containing layer formed
by implantation at 500 K (see also in Section 5.2.2 and 5.3).
Blistering of samples with the highest D fluence (1 × 1024m−2) under
different conditions is compared in Figure 5.19. In general, the blistering
morphology shows good agreement with the results from NRA and TPD
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measurements discussed in the preceding sections of this chapter. With D
implantation at 300 K, comparisons between samples #1 &#2 and #1 &#3
show a slightly reduced blistering by pre-implantation of N at 300 K and
an enhanced blistering at 500 K, respectively. While D implantation at
500 K without N implantation (sample #4) shows no blistering. With
this information, it is not difficult to understand that sample #5 has also
no blistering since the N implantation is at 300 K. Also, one can easily
understand the 'huge' blisters appearing in surface of sample #6. The
D retention is significantly enhanced by the N-containing layer formed at
500 K.
All in all, blistering of W samples after N and/or D implantation at
different temperatures is in good agreement with the interpretation of the
results of D retention investigated by NRA and TPD.
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Figure 5.19: Surface blistering morphologies of W surface exposed to D plasma to
fluence of 1×1024 m−2 with or without N implantation: #1 N-free_D-300 K; #2 N-
300 K_D-300 K; #3 N-500 K_D-300 K; #4 N-free_D-500 K; #5 N-300 K_D-500 K;




N-implantation into W surfaces at different temperatures exerts very differ-
ent influences on D retention during a following D implantation. At 300 K,
the formed N-containing layer reduces the D retention while it will strongly
enhance the D retention in W if formed at 500 K (see, e.g., Figures 5.12,
5.13, 5.15). Please remember that the formed N-containing layer at both
temperatures are so thin that D ions implanted with the same bias volt-
age can easily penetrate. Hence, to discuss the influence of the very thin
N-containing layer on the final D retention, one could focus on its influence
on the penetration process of D before it has lost its kinetic energy and the
out-diffusion process after the thermalization of D. Based on this general
idea, the experimental results are discussed in the following.
As a starting point, the possible influence of the thin N-containing sur-
face layer on impinging D is studied with SDTrimSP simulation. A basic
description of this code can be found in Section 4.2.1.2 and more details
in Refs. [106, 107, 108]. SDTrimSP was employed to simulate the implan-
tation profile of D ions into a pure W and a N-implanted surface. The
total amount of the incident D particles was set to 104 for both surfaces
and the ion energy is set to 72 eV/D, which is the converted ion energy of
the main ion species in PlaQ with the present condition. According to the
previous N amount measurement (see Section 5.2.1), after N implantation
with 200 V DC at 300 K for 30 min, the N amount in the W surface is
about 1.6×1020 N/m2. For the simulation, a W:N ratio of 1:1 stoichiometry
is assumed. As a result, a 2-nm-thick WN layer is placed on top of a pure
W surface as a model for a N-implanted W surface.
The simulation results are mentioned in Figure 5.20. With different sur-
faces, the reflection yields from the simulations are different. For the pure W
surface, the reflection yield (62.7%) is higher than that of the W:N surface.
Namely, the implanted D amount is higher in N-implanted W surfaces. Sur-
prisingly, the 2-nm WN layer can stop more than one half of the implanted
deuterons (63%) while only a quarter of the total amount was retained in
the first 2-nm for pure W surface (25%). This indicates that the presence
of N contributes substantially to the stopping of the implanted deuterons.
The implantation profiles beyond the topmost 2-nm for both surfaces are
similar. However, calculation of the D amount in this region (total incident
D minus the stopped D in the first 2-nm) shows a higher value in the pure
W sample than in N-implanted sample. This directly explains the observa-
tion that N-containing layer formed at 300 K reduces the D retention after
the following D loading.
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Figure 5.20: SDTrimSP simulations of D implantation into a pure W surface and a
N-implanted W surface. Some of the important input parameters set for the simulation
and the main results are provided in the figure.
Although no clue on the final D retention can be provided by these
SDTrimSP simulations, a qualitative assessment can still be made based on
the present results. For this intention, several aspects have to be taken into
account. Firstly, it is assumed that the total amount of retained D depends
on how many deuterons reach the bulk, which is determined by the balance
between the penetration and the out-diffusion process. Namely, the final D
retention is strongly dependent on the net D flux into the bulk. If the sup-
pression by the N-containing layer on the penetration dominates, the final D
retention should be lower in N-implanted W surface compared with pure W
sample. Otherwise, D retention will be enhanced by the N-containing layer.
Secondly, although the here presented SDTrimSP simulation was performed
in static mode (see Section 4.2.1.2), where the N-containing layer remained
unchanged during the whole D implantation. To interpret the experimental
results, the partial removal of N by D bombardment has to be taken into ac-
count. The quantitative analysis (Figure 5.6) has shown that about 80% of
the N were removed after the presently highest D fluence (1×1024 D/m−2).
As a simple approximation, it is assumed that the penetration of D through
the top 2 nm depends monotonically on the N content of this layer. As the
N content in this layer decreases the penetrating D flux increases. Thirdly,
regarding the out-diffusion of D it is assumed that the effective diffusion
flux of thermalized D through the N-containing layer is not significantly
dependent on the N content. With other words, it is assumed that it will
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stay more or less constant for the whole investigated fluence range.
Based on these three assumptions, let's now revisit the surface processes
in samples with both N and D implantation at 300 K. At low D fluence
(635 min exposure, see Figure 5.12), the N-implanted W sample shows a
significantly lower D retention than the N-free sample. Obviously, the influ-
ence of the N-containing layer on the penetration process exceeds that on
the out-diffusion. As a result, the total amount of D arriving in the depth
beyond the N-containing layer is lower and in turn the final D retention is
lower compared with pure W surface. Please remember that most of N has
already been removed after a ver short D exposure (1 min, see Figure 5.12).
As D fluence increases, on one hand more N is removed and the penetrating
D flux increases and, on the other hand the out-diffusion of thermalized
D remains almost constant. At a certain D fluence, the balance between
the reduction of the penetrating D flux and the out-diffusion of thermalized
D will be equal to that in pure W. From this critical D fluence on, the
N-containing layer will enhance the D retention compared with pure W, be-
cause the net D flux into the bulk in higher in N-implanted W surface. From
the D retention results, it is concluded that the critical D fluence should be
between 35 and 167 min exposure (see Figure 5.12), since after 167 min D
implantation, the retained D amounts in both N-implanted sample and the
N-free sample are comparable. This model describing the influence of the
N-containing layer on D retention is able to explain the experimental results
shown in Figures 5.9 and 5.12. There it was shown that the D retention in
the N-implanted sample later catches up with or even exceeds that in N-free
sample at the highest D fluence. It should be noted that, although the final
total retained D amounts at the highest D fluence and their NRA D depth
profiles are comparable, the D2 release peak (see Figure 5.12b) and also the
blistering morphologies are different. This may indicate different trapping
behaviors of D after they penetrate the N-containing layer.
At 500 K, the situation is different. It was shown that the N-containing
layer enhanced the D retention from the lowest D fluence on (see Fig-
ure 5.13). This may indicate that the reduction on the out-diffusion domi-
nates the role of the N-containing layer from the very beginning. However,
no further conclusion can be drawn due to the unexplained phenomena
appearing during the D implantation into N-implanted sample at 500 K,
i.e., the unexpected ellipsometry response (see Figure 5.4), the strange N
amount increase with higher D fluence (see Figure 5.6) and also the higher
D retention with at D fluence (see Figure 5.13).
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5.6 Chapter Summary
The interaction between D plasma with N-implanted bulk W surfaces was
investigated in this chapter. The influence of N presence at W surfaces on
the D retention were unraveled through the comparison with pure W sur-
faces after identical D implantation. For this intention, in-situ ellipsometry,
NRA measurements for D retention and N evolution, TPD measurements
for the total amount of retained D were employed. Blistering morphologies
were also examined before TPD measurements.
NRA measurements revealed that N amounts in bulk W surface were
within 2.0×1019 N/m2 by N implantation with 200 V DC bias. However,
even after D implantation to fluence of 1.0×1024 D/m2 (167 min), the re-
maining N amounts are still higher than the background. Both indicate a
negligible diffusion of N in W at temperatures below 600 K.
Different techniques consistently showed that the N-containing layers
formed by N implantation at different temperatures had very different in-
fluence on the D retention in the consecutive D implantation. At 300 K this
N-containing layer will reduce the D retention at low D fluence but enhance
it at higher D fluence. The critical D fluence is in between 2.1×1023 (35 min)
and 1.0×1024 D/m2 (167 min). The changing role of the N-containing layer
at 300 K is attributed to the depletion of N by D bombardment, which
determined the balance between the penetration of the impinging D and
the out-diffusion of the thermalized deuterons. Based on this model, the
experimental results at 300 K can be reasonably understood together with
the results from SDTrimSP simulations.
At 500 K, although the N-containing layer can significantly enhance
the D retention from the lowest D fluence on, the strange N increase and
according enhancement of D retention at higher D fluence is not understood.
Therefore, no solid conclusion can be made based on the here presented data
at 500 K. Although it was not sure the source for the N increase during D
implantation, the co-implantation of D with N seemed to have very different
behavior as in pure D plasma. This might indicate a strong influence on






6.1 General discussion and Summary
Plasma-wall interaction (PWI) in a fusion reactor determines the impurity
migration and impurity contamination in the core plasma, the lifetime of the
plasma-facing components (PFCs), tritium retention in PFCs and induces
the formation of mixed materials through implantation or co-deposition.
For the divertor region understanding of PWI processes is even more crit-
ical than other plasma-facing surfaces due to the extremely high particle
fluxes and heat load in this region. For fusion devices with a full-W di-
vertor, such as ASDEX Upgrade and JET, impurity seeding is necessary
for radiative power dissipation. Nitrogen has been established as an opti-
mal choice as seeding species to control the divertor heat load in ASDEX
Upgrade. A good understanding of the interaction of W surfaces with N2-
seeded plasma is crucial to evaluate the fuel retention in PFCs in concerns
of cost and safety. In principle, it is desirable to perform PWI studies di-
rectly in fusion experiments in the devices of interest. In this cases, all
relevant physical effects are naturally included, but due to the complicated
interaction of various PWI processes the interpretation of such experiments
is extremely complicated. Therefore, dedicated laboratory experiments un-
der well defined conditions are commonly employed to study the underlying
physics of PWI processes. In laboratory, one can focus on specific aspects of
the complicated PWI processes in fusion experiments. The results from lab-
oratory experiments can then be used to extrapolate to the PWI processes
in a fusion plasma environment.
Despite intensive investigation on the interaction of D plasma with W
as PFM, lots of issues still remain poorly understood. The interaction of
W surface with mixed plasma (i.e., He product as intrinsic impurity and
externally seeded impurities, such as N2, Ne and Ar), is even more compli-
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cated. Since N-containing layers form probably on the W target surfaces
by either N implantation or redeposition, a good characterization of such
N-containing layers and a clarification on their influence on fuel retention in
W are important to understand the interaction of W materials with mixed
plasma. Based on a series of dedicated laboratory experiments, the present
work is devoted to unravel the underlying physics of the interaction of W
surfaces with N2-seeded plasmas with respect to D retention in W. The in-
vestigation of these interaction processes was split into two major steps in
this thesis. Step one is the development and characterization of an appropri-
ate model system for N-containing W layers and step two is the interaction
of D plasmas with these model systems.
N-containing W layers, produced by either N implantation into pure W
surfaces or sputter-deposition of WNx films, were applied as model sys-
tems of the W:N layers formed at W surfaces during or after N2 seeding
in fusion devices. The characterization of these two W:N model systems,
i.e., the implantation range of N into W surfaces, the diffusion of N in W,
the determination of the N amount and the decomposition temperature of
W:N layers, was presented in Chapter 3. Different characterization tech-
niques, such as XPS, RBS, NRA and TPD, were employed and the results
were cross-checked with each other. The cross-checking allowed a reliable N
content determination and its evolution during the consecutive D implanta-
tions. Based on these characterizations, sputter-deposited WNx films and
N-implanted W surfaces under certain production conditions were selected
for further investigation in the following D implantations.
It should be noted that the model system for N-containing layers estab-
lished in the present work could still be different from that in tokamaks
after seeding N2 with respect to the nitride phases. Firstly, the two forma-
tion processes, i.e., N implantation into target surface and redeposition of
W together with N, occur at the same time in a fusion device, which might
enhance the N concentration in the formed N-containing layer and produce
different nitride phases. For the harsh environment in fusion devices, the
presently used sputter-deposited WNx layers established in Chapter 3 with
W:N ratio of roughly 1:1 is expected to be an reasonable model system,
which is the most stable one compared with WNx layers with different W:N
ratio. Secondly, during the formation of N-containing layers in fusion de-
vices, there are other species presenting in the plasma, such as D, He and
other impurities. Such species may also affect the formed nitride phases,
which is, however, not investigated in the present work during WNx depo-
sitions or N implantations into W surface. Last but not least, temperature
effects during the formation of N-containing layer on the formed nitride
phases have to be invetsigated. But nevertheless, all the observations point
to the fact that the presence of N in W leads to a reduction of D migration
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in W, it is still reasonable to use the laboratory-produed N-containing layers
as the model system for studying the PWI processes in N2-seeded plasma.
Chapter 4 presented the interaction of D plasmas with sputter-deposited
WNx films. RBS, NRA and XPS were employed to investigate the evolution
of the WNx films, i.e., the N removal and the surface processes. Ar-sputtered
IBA depth profiling was developed to resolve the D depth distribution in
sputter-deposited WNx films with a significantly improved depth resolution
compared with standard NRA D depth profiling. Results showed that at
300 K D was retained only within the D ion penetration range and did not
diffuse into larger depth at 300 K. At 600 K, D could diffuse into larger
depth but still stayed within a limited depth of 110 nm up to exposure
fluence of 1.0×1024 D/m2. At 600 K the retained D amount was half of
that at 300 K. Although D starts to diffuse in WNx films at 600 K, the
diffusivity is much smaller than that in pure W at this temperature. In
Section 4.4, the newly-developed Ar-sputter depth profiling method was
further extended to resolve the D-rich surface layer in pure W surfaces by
combining it with standard NRA depth profiling. Results showed that the
peak concentration within the D-rich surface layer is comparable to that in
WNx-film surfaces under the presently used conditions, but the distribution
profile is slightly different for pure W and WNx-film surfaces. Naturally,
a similar scheme can be applied for other materials than W. Additionally,
the here presented method can be applied to quantitatively determine the
ion implantation profile of other species in implanted materials, especially
for species with low diffusivity in the matrix. It is anticipated that the
determined profile of most species in the topmost surface of the exposed
metals can be simulated by SDTrimSP for comparison.
It was found that the present W:N layer has a good barrier property
on D diffusion. However, it should be noted that the present W:N layer
starts to decompose at temperatures above 830 K. One has to take into
account the thermal stability of the W:N layers for any further application
of the D-diffusion-barrier properties. The erosion of W:N layers (during D
exposure) was not explicitly studied in this work. The removal of N from
the surface was discussed in Sect. 4.3; the found small erosion of W during
D exposure was attributed to impurity sputtering, because the D energy
is too low to sputter W under the present condition (200 V bias voltage).
With higher energies, the incident ions will be able to sputter W and W
erosion has to be taken into account (e.g., for ions at the main chamber
of tokamaks during fusion experiments). Another interesting point shown
in this figure was the dip of D retention in WNx layers at low D fluence.
The balance between D trapping due to N presence and the removal of N
is attributed to account for this dip. However, the particle flux of PlaQ
is too high to study this effect since this dip is only found at very low D
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fluence. Further experiments on this issue can only be performed on devices
with lower particle fluxes. In Sect. 4.2.3, it is found that the D amount
detected by TPD is one fifth compared with that determined by NRA. This
may indicate that up to 80 % of the retained D has released as ammonia or
water instead of molecule hydrogen. This is to some extent surprising since
ammonia is a large and reactive molecule, which exhibits little likelihood to
form within a solid. It may indicate the formation of amide compounds (-
ND2) in the surface due to the bombardments of deuteron into N-containing
layers, which gives rise to the formation of ammonia in the surface during
TPD measurements. However, more evidence should be provided to make
any further conclusions.
In Chapter 5, N-implanted bulk W samples were exposed to D plasma
for studying the influence of very 'thin' N-containing layers on the D reten-
tion after the successive D implantation. In-situ ellipsometry was employed
to monitor the surface changes in real time during N and the following D
implantation. It was found that the N-containing layers formed at different
temperatures played very different roles on D retention in W. At 300 K,
N reduces the D retention at low fluence and enhances the D retention at
higher fluence. The complicated plasma-surface interaction during D load-
ing at 300 K was explained by the mutual interaction processes between D
ions and N-containing layers. D retention will decrease when the suppression
from N-containing layer on D penetration exceeds that on D out-diffusion.
Once sufficient amount of N is removed the balance between the suppression
on D penetration and out-diffusion will reverse, D retention in W will be
enhanced. Whereas at 500 K, N pre-implantation strongly enhances the D
retention from the lowest D fluence on. Due to the unexplained N increase
at higher D fluence, the results at 500 K can not be well understood. It was
found that the N amount in the sample surface increases with the increasing
D fluence, which should be released from somewhere else in the chamber
rather than from the sample surface. Although systematic experiments in
that direction were not performed in the present work, the possible co-
implantation of N with D seems to have significant influence on the surface
processes and D retention. The co-implantation of N from unknown source
in the chamber strongly enhanced D retention in W. This may indicate a
very different D inventory during the interaction of W surfaces with mixed
plasma.
The presented results reasonably resolved the question on how W:N
layers formed during or after N2 seeding in fusion device will affect the
D retention in W targets. All results on the interaction between pure D
plasma and the model system presented in Chapter 4 and 5 showed the fact
that W:N layers will reduce D migration in W in the presently investigated
temperature range. The reduction by N-containing layer on D migration
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is strongly correlated to the conditions during formation of W:N surfaces
(e.g., temperature, ion energy (thickness of N-containing layer)) rather than
the exposure condition during the following D implantation. All in all, the
systematic study based on the two different W:N model surfaces and the
used methods allowed valuable insights into the complex interaction of low-
energy deuterium plasma with W:N surfaces and provides a solid basis for
further experiments on the interaction of tungsten with nitrogen/deuterium
mixture plasmas.
6.2 Outlook
It has been shown in the present work that the N-containing W layers in
the surface act as diffusion barrier for D diffusion. By this, it is further
proposed that if more D can be implanted beyond this N-containing layer
(mostly for N-implanted W surface rather than deposited WNx films), the
D retention in the bulk will be enhanced. In this sense, the thickness of
N-containing layers with respect to the implantation range of D ions is very
important on affecting D retention in the following D implantation. Other
than exposing W samples to low-temperature N/D mixture plasma where
all the ions exhibit the same ion energy, the methodology employed in the
present work, i.e., splitting the interaction processes between W surface with
N/D mixture plasma into two individual steps, allowed the adjustments of
the ion energy of N and D ions separately. With the flexibility to change
the N ion energy, the thickness of the N-containing layer can be adjusted.
However, by N implantation into W samples, the thickness of the formed
N-containing W layer is very limited due to the negligible diffusivity of N in
W. With the here used 200 V DC bias it is only 2 nm thick. Even with ion
energies up to 4 keV the implantation depth is only about 8 nm [105], which
is still smaller than that of D ions with 200 eV ion energy. The influence
of this 8-nm-thick N-containing layer on the D retention is hence expected
to be very similar to that from the ∼2-nm-thick layer, although the D
retention may differ in amount and concentration profile. An alternative to
make 'thicker' N-containing W layers is to bombard W surfaces with N ions
of even higher energy. One can then study the influence of the N-containing
layer by controlling the ion energy of D ions in the following D plasma
exposure, i.e, the implantation range of D ions. In the present work, 'thick'
N-containing layers were produced by magnetron sputtering (130 nm thick,
see Chapter 4), where all the D were implanted within this N-containing
layer and no D retention was found in the underlying W films. In principle,
such sputtered WNx layers could be used as a model system for N-implanted
layers, but at present, it is not yet clear whether these layers have identical
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properties. Therefore, further investigations are required to assess whether
or not sputter-deposited WNx layers are a good model system for 'thick'
N-containing layer formed by high-energy N-implantation. It should be
also noted that, N ions with high energy will create a lot of defects in the
sample surface. The newly created defects will not affect the behavior of
deuterons implanted beyond the N-containing layer, but they should affect
the D retention within the N-containing layer together with the presence of
N. It might then very difficult to disentangle the influence of the N presence
and of the newly-created defects on the D retention within this N-containing
layer.
Different surface processes are expected in the interaction of W surfaces
with N2-D2 mixture plasmas. In principle, the relative flux of each ion
species in N2-D2 mixture plasma can be adjusted by varying the gas ratio.
However, the characterization of the mixture plasma for each condition
requires intensive work. Furthermore, in a low-temperature plasma all ions
have the same ion energy such that the ion energies cannot be individually
controlled and in this case D will always be implanted deeper than N. The
co-bombardment of W surfaces with N and/or D ions is proposed to be
studied using a dual beam system. By either simultaneous operation of
both N and D beams or consecutive implantation with each of the beams,
one can separately adjust not only the ion energy but also the particle flux
for each ion species. Such an experiment would provide a large flexibility to
further unravel the underlying physics on the interaction of pure W surfaces
with N2-D2 mixture plasmas.
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